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ABSTRACT 


The  competition  of  an  aitlllery  system  and  its  mission  in  a  non¬ 
nuclear  environment  le  discussed.  Four  ecenarioe  are  defined  in  which 
fhe  artillery  eyetem  must  perform  lte  mission'  and  the  taeke  are 
detailed, 

A  concept  for  a  maaeure  of  effectlvenaaa  (MOE)  for  artillery  la 
developed  and  a  methodology  it  preaented,  The  affecta  of  the  acenarloa 
on  the  MOE  are  analyzed  and  the  conetrainte  era  dlacuaaed.  A  mobility 
concept  la  developed  and  a  definition  la  preaented. 

Coating  concepts  and  techniques  ate  presented  with  notation 
developed  for  computer  application  to  the  artillery  system  costing 
problem.  Some  coat  estimating  relationships  (CER's)  are  suggested. 

A  coat-ef fectlveneaa  analysis  is  made  employing  the  developed 
MOE  and  coating  procedure.  Some  decision  criteria  are  stated  and 
dlacuaaed. 
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I  INTRODUCTION 


1.1  DEVELOPMENT  OF  ARTILLERY 

The  standard  U.S.  artillery  weapons  in  September  1945  conaiated 
of  seven  towed  howitzers,  two  towed  guns,  three  self-propelled  (SP) 
howitzers,  one  self-propelled  gun,  one  self-propelled  mortar,  one  heavy 
mortar,  two  rocket  weapons,  and  three  high  -.peed  tractors.  Today  the 
U.S.  Army  ha.  nine  Standard  A  field  artillery  weapon.,  excluding 
antiaircraft  guns  and  artillery  guided  missile  systems.  If  it  were 
technologically  feasible,  there  are  advantage,  to  reducing  the  length 
of  the  artillery  weapons  list  even  more.  Fewer  weapon  type,  reduce 
the  logistic  loads  and  training  requirements.  However,  no  two  or 
three  artillery  pieces  have  yet  been  designed  to  successfully  fulfill 
all  the  roles  called  for  in  an  artillery  system. 

Specifically,  artillery  must  be  s  flexible,  mobile  system  capable 
of  varying  increments  of  firepower  against  all  the  varying  targets  the 
supported  infantry  units  .re  likely  to  encounter  in  an  engagement. 

On  the  offensive,  artillery  must  provide  preparatory  fire,  to  soften 
an  objective  immediately  prior  to  an  assault,  on  the  defensive, 
artillery  must -provide  final  protective  fire  on  all  avenues  of  approach 
into  friendly  positions,  and  fire  into  friendly  position,  in  the  event 
of  enemy  penetration.  Once  the  enemy  attack  has  been  blunted, 
artillery  must  be  capable  of  pursuing  the  fleeing  enemy  by  fire,  and 
capable  of  providing  high  angle  indirect  fire  against  target,  on 
rever.e-.lope  terrain,  i.,.,  hit  target,  on  the  far  side  of  the  mountain. 
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I  tnamy  artillery  fire  1«  brought  to  bear  agalnat  friendly  poeltlone, 
friendly  artill.ry  muet  provide  immediate  counter-battery  firee  to 
•ilence  enemy  gun..  Laetly,  artillery  muet  provide  Interdiction  end 
herraaeing  firea  to  dierupt  enemy  coaemni cation.,  eupply,  movement, 
and  to  reduce  enemy  morale. 

Current  heavy  weapon,  da.ign.d  for  long  ruga  interdiction  and 
counter-battery  fire,  cannot  elevate  .ufficiently  nor  fire  rapidly 
enough  for  the  .hort  range,  indirect,  high  volume  of  fir.  required 
agalnat  large  concentration,  of  enemy  troope  in  the  lanedlate  vicinity 
of  the  forward  edge  of  the  battle  area  (FMA).  Llkevlaa,  the  107m 
mortar  i.  u.ale..  .g.lnit  t.rgeti  requiring  th.  rang,  or  the  pan.tr.tlng 
power  of  the  eight-inch  projectile. 


fcrl mdtng  artillery  guided  ml.aile  .y.tema,  Table  1.1  reflect, 
the  trend  toward  th.  .traamlined,  highly  mobile,  partially  h.licopt.r- 
tran.portable  infantry-.upporting  arm.  lyatem.  Airmobile  artill.ry, 
mphiblou.  artill.ry,  and  artillery  capable  of  .ignificant  increase, 
in  rate,  of  fire  and  range,  are  current  item,  of  priority  intore.t  and 
development.  [5,  13,  17,  23]  Although  field  artillery  fire  control 
procedure,  remained  unchanged  for  ..v.ral  decade.,  th.  introduction 
of  new  and  better  fir.  control  equipment  .lnea  WW  II  ha.  improved 
coordination  and  effective  delivery  of  artillery  fire.  Panoramic 
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telescopes  end  other  conventional  aiming  devices  have  been  made  more 
accurate  and  easier  to  operate.  Radar  and  other  electronic  means  are 
used  whereby  forward  observers  can  more  oecurately  determine  range 
to  the  target.  The  space  age  is  influencing  artillery  development 
by  introducing  new  techniques  for  geographically  locating  weapons  and 
targets  in  the  field.  Many  other  significant  advances  have  been 
registered,  one  of  the  more  lmportait  being  the  development  of  mobile 
electronic  equipment  to  autoaetlcally  compute  fire  ordera.  [14,  20] 
The  trends  have  been  establiahed.  The  artillery  ayetem  of  tha 
future  will  likely  be  built  around  e  few  highly  mobile,  light-weight 
weapons  capable  of  a  rata  of  fire  several  times  that  of  today. 
Automatic  loading  and  computerised  fire  control  systems  will  make  it  a 
more  formidable  supporting  arm  indeed. 

1.2  ROLE  OF  ARTILLERY  IN  THE  SUPPORTING  ARM3  SYSTEM 

As  the  artillery  system  of  the  future  is  developed,  it  should  be 
designed  to  be  fully  integrated  with  the  other  major  supporting  arms, 
naval  gunfire  and  close  air  support.  The  complementary  blending  of 
these  three  systems  will,  to  some  extent,  mold  some  of  the  features  of 
each  co-system.  In  s  combat  situation,  comparative  capabilities  and 
limitations  ought  to  be  kept  in  mind  when  selecting  the  ordnance 
delivery  means.  This  same  prlnci^.e  applies  to  the  development  of  any 
one  of  the  three  .y.tems  as  well.  If  a  now  artillery  system  is  being 
contemplated  which  can  attack  targets  at  ninety  kilometers,  naval 
gunfire  and  close  air  support  ehould  be  considered  as  alternatives 
in  any  comparative  analysis  in  order  to  arrive  at  a  truly  efficient 
supporting  arms  system. 
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Figure  1.1  THE  SUPPORTING  ARMS  SYSTEM 

Since  the  artillery  eyateei  it  a  component  of  the  eupportlng  arma 
eya  tarn,  care  ahould  be  exercised  that  the  capabllltlaa  of  any  other 
component  are  not  unnecessarily  duplicated. 

1.3  THE  ARTILLERY  SYSTEM 

What  comprleaa  an  artillery  nbeystea,  which  ahell  be  referred  to 
at  a  imply  an  artillery  system?  Figure  1.2  givea  aoma  indication. 

Not  all  of  the  components  ahown  axlat  wholly  for  artillery,  but  a 
significant  fractional  value  of  the  expended  effort  goes  in  support 
of  artillery.  For  example,  base  facilities  may  house  Infantry,  tank, 
and  other  units,  but  some  proportion  of  expenditures  of  dollars  for  base 

'i 

maintenance  and  upkeep  are  directly  or  indirectly  attributable  to  the 
presence  of  some  or  all  of  the  artillery  system  consonants . 
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Figure  1.2  COMPONENTS  OF  AN  ARTILLERY  SYSTEM 
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At  l.«t  two  questions  pr...nt  themaelv.,.  what  proportion  of  the 
supporting  component  effort  actually  |0„  in  support  ,f  th.  mlU#ry 
•y.t.o,  tod  how  .r.  th.  component  eubcosjonent.  d.fin.d?  if  th. 

..cond  question  i.  pursued  to  th.  «d,  the  ultimate  subcompotont  of 


Figure  1,3  SYSTEMS  AND  SUPPORT  COMPONENTS 


.11  .y.ten.8,  to  th.  figure  above  indictee,  1.  the  pool  of  n.tion.l 
resources.  For  simplification,  only  component,  directly  supporting  th. 
artillery  unit,  .re  u.u.Uy  con.idered.  Co.ting  of  th.  support  component. 
«d  of  the  artillery  unit.  ahould  b.  dona  ..  accur#t.ly  „  ^  ^ 


and  good  Judgment  permit. 

Xb.  answer  to  th.  fir.t  question  may  be  evil.il.  from  hi.torical 
source.,  provided  future  requirement,  do  not  differ  too  greatly  from 


P«t  experience.  Problem,  of  unreliable  estimation  may  be  encountered 
if  extrapolations  are  carried  beyond  tn.  rang,  of  pe.t  data.  For 
example,  th.  number  of  required  helicopter  sortie.  per  artillery  unit 
per  unit  of  time  in  the  future  may  be  approximated  by  careful  analyst 
of  the  artillery  unit's  operation,  from  p.,t  equal  units  of  time. 


Hew.v«,  if  total  numbers  of  artillery  units  INM1.1,  or  the  system 
i.  proparing  to  oporato  in  an  environment  IP  whtehit  hoa  navet  eperatad 
fcafora,  of  if  an  antiroly  now  artillary  system  with  different  Ugt.tica 
and  nobility  requirement.  ia  about  to  ba  phaaad  in*  paat  oparational 
requirements  for  hallcoptera  in  tha  old  ayatan  may  boar  no  or  iittla 
ralatlon  to  tha  now  futura  raqulraaanta. 

A  skelatal  example  of  a  basic  artillery  ayatan  is  tha  field 
artillery  regiment  of  the  Marine  division.  The  artillery  regiment  la 
the  primary  source  of  fire  aupport  for  tha  diviaion  and  la  currently 
composed  of  the  basic  elements  shown  in  Figure  1.3  with  specific 
support  unit,  omitted,  such  as  axtemal  logistics  support,  helicopter 
support,  medical  aupport,  Marina  Observation  Squadron  support,  ate. 

1.4  CONCEPT  AND  SCOPE 

The  purpose  of  this  paper  is  to  develop  a  technique  whereby  tha 
efficient,  optimum  selection  of  futura  alternative  artillery  systems 
is  possible.  As  mentioned,  an  alternative  artillery  ayatem  is  tha  sum 
total  of  all  tha  specific  numbers  and  types  of  equipment,  weapons, 
and  personnel  which  i.  proposed  for  implementation  a.  the  operational 
unit.  A  propoaal  utili.ing  only  on.  type  weapon  would  be  an  alternative. 
A  system  in  which  the  105ara  howitaers  were  to  ba  replaced  by  newer 
models  of  105'a  i.  a  different  alternative.  Yet  another  alternative 
would  be  a  system  which  .imply  adds  one  mor.  battery  of  a  current  type 
weapon  to  tha  ayatam.  Finally,  the  ayatem  in  being  i.  an  alternative 
agalnat  which  ell  propoeed  alternative,  will  be  meaaured  for  effective¬ 
ness  and  cost. 
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Figure  1,4  MARINE  ARTILLERY  REGIMENT 
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One*  two  or  aor*  alternatives  ar*  proposed,  Including  th*  present 
system,  an  efficient  and  hopefully  optimum^  ayitam  can  ba  chosen. 

An  efficient  artillery  ayitam  la  one  which  Infllcte  no  fawar  than  a 
praacrlbad  number  of  caaualtlaa  agalnat  a  given  number  of  target*  In 
th*  various  acanarloa,  and  Inflict#  those  caaualtlaa  at  tha  expenditure 
of  lea*  national  resources  than  any  oJiar  feasible  alternative. 

A  feasible  alternative  la  on*  iriilch  meat  a  all  tha  constraint*. 

Figure  1.4  shows  soma  relationship*  of  alx  alternatives.  Th*  curv* 
represents  th*  frontier  of  maximum  attainable  ntmbars  of  casualties 
par  engagement  for  a  given  budget.  Of  tha  six  alternatives  shown, 
alternatives  thraa  and  four  ar*  Infaaalbla  since  they  do  not  moat  tha 
constraints.  Alturnatlvss  six  and  two  ara  feasible,  and  on*  and  five 
are  efficient  at  different  budget  levels.  System  five  Is  optimum  for 
the  Indicated  mlnimijm  casualty  lavsl. 


Nisnber  of 

Casualties 

per 

Engagement 


Figure  1.5 


f 

. 


1Not  necessarily  a  unique  optimum,  Muitl-eptlma  may  exist. 
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To  accomplish  tha  goal  of  selecting  an  optimum,  efficient  alcerne- 
tivo  It  lo  necessary  to  restate  the  mission  and  taakt  of  artillery. 

Tho  minion  and  taaki  muat  ba  performed  in  varying  gaographical  and 
climatological  condition!  which  vlll  ha  daflnad  under  tha  handing  of 
S can ar loii  Scanarioa  will  hava  an  iafluanea  not  only  on  tha  af factlva- 
'fiaiia  and  coata  of  tha  artillary  ayataa  in  inflicting  caaualtiai ,  but 
will  alio  affact  operating  and  aaintanenca  coata  and  attrition  on  tha 
ayataa. 

It  would  ba  wall  to  raduca  tha  nlaaion  and  taak  requirements  to 
a  measurabla  axpreaalon  which  will  truly  compare  alternative  ayetnna 
and  aid  in  aelacting  an  optimum  or  officiant  lolutlon.  Thla  ia  tha 
purpose  of  the  atatement  of  the  criteria  for  thla  popart  Of  tha 
proposed  alternatives  which  are  able  to  inflict  the  nlnlaua  prescribed 
number  of  casualties  against  a  defined  target,  salact  that  aystam 
which  has  minimum  non-engagement  system  cost  and  Incurs  minimum  variable 
cost  par  casualty  par  engagement. 

Finally,  tha  coat  data  and  effectiveness  data  of  tha  alternatives 
must  ba  compared  and  evaluated  for  a  unique  optimum  solution  if  one 
exists.  Otherwise,  trade-offs  among  squally  efficient  alternatives 
will  be  compared  and  a  solution  obtained  based  on  soma  additional 
decision  criteria. 

In  attacking  tha  problem  of  finding  a  procedure  for  selecting  the 
efficient  artillery  system,  two  simplifying  assumptions  or  reductions 
of  the  problem  have  been  aada.  Only  the  artillery  system  Is  considered, 
and  the  interplay  of  navel  gunfire  and  dose  air  support  with  artillery 
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hiv«  been  excluded,  Secondly,  the  icenarloa  put  a*  Ida  artillery'* 
nuclear  capability  and  Ita  Implication*  of  canteal  war  and  thua 
con* Ida r  only  conventional  ordnane* . 

1.5  SUMMARY  OF  CONCLUSIONS 

Tha  a vo Ivins  artlllary  ayatam  of  tha  futura  will  bo  a  aophlatlcatad, 
highly  mobile,  and  computar-aaalatad  array  built  around  favar  weapon 
typaa.  Tha  isathod  of  mlnlmlalng  expected  varlabla  coat  par  caaualty 
and  non-angagement  «y*tam  coat,  while  mating  minimum  mobility  aad 
caaualty  conatralnta,  will  aalact  tha  daalrad  alternative.  Detailed 
coating  K^ricaa  of  praaent  battery  typaa  will  ba  required  in  developing 
coat  aatleatlng  ralatlonahlpa  aa  alda  in  daalgnlng  and  aatlaatlng  ooata 
of  futura  weapon*, 

1  .6  PLAN  OF  THE  STUDY 

Tha  problaa  addraaaed  by  thla  paper  la  t  Define  a  naaaure  of 
affactlvqpai*  and  conatruct  a  coat-ef  fectlvenaaa  modal  for  evaluating 
and  aalactlng  from  among  futura  artillery  altarnatlvaa. 

Tha  pla^  of  thla  atudy  la  firat  to  daacrlba  tha  job  that  1* 
required  to  ba  dona,  or  mlr  '.on  of  artillery,  and  tha  environment* 

In  which  thla  job  may  reaionably  ba  expected  to  ba  aeeoaqillahad.  From 
thara  thla  paper  will  dlacuaa  effectlvenet*  for  an  artlllary  ayataa  and 
how  to  maaaura  It,  Including  tha  affect*  of  the  scenario*  on  tha 
artlllary  ayatam,  and  will  praaent  a  maaaura  of  affaetlvenaaa  to 
eecure  a?  efficient  ayatam.  Next  will  ba  dlaeuesed  the  coating  problem, 
ccatlng  matrlcaa  for  praaant  artlllary  battery  typla,  and  the  develop, 
mant  of  coat  aatlmatlag  ralatlonahlpa.  Finally,  coat  and  offaetlvanaa* 
will  ba  compared  for  the  aalactlon  of  the  optimum  alternative.  Included 
will  be  a  dlacuealon  of  alternative  declalon  criteria  to  ba  utlllaad  in 
tha  event  of  multi-optima  altarnatlvaa  to  tha  artlllary  problem. 
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II  MISSION  AND  SCEN^IOS 
2,1  DISCUSSION 

Mission.  The  primary  artillery  system  mission  It  to  "provide 
close  end  continuous  support  to  ground  forces  by  neutrellzlng  or 
destroying  those  target*  which  constitute  the  most  serious  threat  to 
the  supported  unit".  [3]  Such  support  Includes  counterbet tery  fire, 
attack  of  enemy  reserves,  restricting  enemy  movement,  disrupting 
eneny  command  systems  and  the  destruction  of  other  enemy  Installations, 
To  compsre  alternative  syatsms  for  this  mission  It  is  necessary  to 
further  specify  the  particular  surroundings  or  environment  in  which 
the  system  may  likely  operate.  The  specified  area  may  impose  additional 
equipment  or  support  requirements  on  the  system,  and  consideration  of 
It  lends  to  a  more  realistic  evaluation  of  the  system. 

Scenarios.  T.'i >ls  environment  in  which  the  system  must  operate  and 
In  which  it  ia  desirable  to  evaluate  the  system  is  called  the  scenario. 
Consideration  of  the  system  operating  in  various  scenarios  is  an 
attempt  to  compensate  for  the  uncertainty  of  the  exact  location  in  which 
future  artillery  system  operations  are  likely  to  occur.  Figure  2.1  Is 
s  rspressntatlon  of  the  specified  mission  and  the  set  of  environments 
or  scenarios  in  which  the  aiselon  may  t»i  performed.  Two  primary 
reasons  cone  to  mind  for  examining  the  system  in  the  light  of  a 
particular  scenario.  One  Is  to  determine  the  physical  effects  of  the 
environment  on  the  operation  and  maintenance  of  the  system.  The  second 
is  to  determine  the  effects  of  the  environment  on  hitting  targets  end 
causing  casualties. 
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MISSION 


Some  of  the  acenarlo  eharacterlatlea  which  cau««  phyaleal  affacta 
on  tha  ay at am  are  tamparatura,  humidity,  duat,  and  eand.  They  affect 
the  Ufa  expectancy,  attrition,  operating  coate,  and  maintenance  cyclea 
of  the  eyetem.  Producing  cacualtlee  on  tha  target  will  ha  affected 
by  the  ability  of  the  target  and  tha  artillery  ayetem  to  nova  In  the 
acenarlo,  the  ability  to  accurately  locate  on  the  ground  both  tha 
artillery  weapon*  and  the  target,  and  tha  ability  to  ee~  the  target 
to  adjuat  fire  on  it.  The  preaenca  ar.d  amount  of  land  and/or  vege¬ 
tation  maak  muat  be  conaldered  alnce  It  will  limit,  aomewhat,  the 
type*  of  artillery  weapon*  which  will  have  the  ability  to  fir*  on  the 
target. 

Pour  acenarloa  are  uacd  In  th<*  neper.  Tltea*  are  labelled  the 
Ideal,  the  rain  foreat,  tha  deaert,  and  the  mountain  acenarloa. 

The  n*>.c  uaual  development  In  a  doet-effactlvaneaa  atudy  1*  to  detail 
the  acenarlo.  Here  auch  detail  would  preacrlb*  exactly  tha  temperature, 
humidity,  -all  type*,  vegetation  type*  ar.d  coverage*,  aeaaonal 
variation*,  vegetation  halghte,  elevation  of  terrain,  elopa  af 
tarraln,  ate.  However,  the  teak  la  aufflclant  for  at  laaat  part  of 
another  report,  and  only  tha  general  charactarlatlea  era  preaanted  hare. 
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Th«  geoaral  cfcaxaeteriatica  are  enough  for  the  moment  to  determine  the 
•  ffecta  of  thaaa  scanarloa  on  the  performance  of  the  artillary  gyatem. 

Mifcl*  Within  aach  acanaris  ara  a  aat  of  taaka  which  iiuat  ba 
performed  by  tha  gyatem  to  accotnpllah  it»  niaalon.  Ta#k  it  hare 
aa  tha  type  of  target  on  which  tha  ayatam  muat  Inflict 
caaualtiea.  A  caaualty  le  any  enemy  target  rendered  incapable  of 
performing  lta  combat  function.  Figure  2.2  repreaenta  tha  taaka 
within  each  acenarlo. 


SCENARIO 


Taaka  are  generally  diatinguiahed  by  peraonnel  or  non~peraonnel 
targeta  and  by  hardneaa  of  target,  Hardneaa  correaponda  to  the 
affective  caaualty  producing  radiua  of  a  particular  buratlng  projectile 
aga.inat  a  particular  target.  Each  projectile  will  have  a  larger 
caaualty  producing  radiua  agalnat  aoft  targeta,  and  amaller  radii 
agalnat  harder  targets.  For  example,  conaider  Table  2,1, 
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Table  2.1  KPOMBTIGM.  PROJKTHJ  SPnCTtVttSM  Vt 

VARIOUS  TARGETS 

Casualty  Producing 

Personnel 

Open,  standing 

25 

Prone 

18 

Foxhole 

10 

Semi-hard 

Materiel 

10 

Trucks  g 

Buildings  g 

Hard 

Tanks ,  armor* d  vthlcls*  2 

Pill  brass,  reinforced  positions  2 

Count*  rbattery  10 

This  hypothetical  round  could  produc*  casual t 1st  against  troops  in  fox¬ 
holes  at  10  meters  or  less  from  ths  burst  point  and  could  damage 
certain  buildings  8  mat.rs  from  th*  burst  point.  Particular  targets 
will  often  be  mixed,  troops  will  bs  defending  from  within  fortified 
positions  or  moving  about  In  armorsd  carriers.  For  this  reason  It  Is 
convenient  to  rsaue.,  all  tanks,  craw  served  weapons,  and  esplacemants 
tc  thalr  personnel  aqulvalants.  For  example,  consider  th*  above 
hypothetical  projectile  against  an  .nsmy  tank  with  .  crsw  of  four. 
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The  target  would  ba  considered  aa  am  passennel  tar  gat  of  four  pasamta, 
and  a  casualty  producing  radiut  of  two  meters  would  ba  used  to  compute 
the  expected  number  of  rounda  required  tc  bullet  a  certain  percentage 
of  paraounel  caaualtiea, 

2.2  SCENARIOS 

^°irtf r »  13hera  ar*  three  principal  rain  format  area  a  in  the 
worldt  the  African,  the  dararlcan,  and  the  Inde-Mala*an.  Theme  rain 
foreata  comprise  nearly  one  fourth  of  the  continental  land  area. 

The  vegetation  of  thee-!  areas  la  dominated  by  tell  growths  of  hardwood 
trees,  which  in  turn  influence  communication*,  observation,  movement, 
and  the  accurate  mapping  of  the  areas.  The.e  area*  are  characfiarimd 
by  an  annual  avaraga  rainfall  of  over  eighty  inches,  time  canopies 
averaging  over  150  feet  high,  and  a  variety  of  undergrowth  ranging 
from  none  in  the  virgin  rain  foreit  areas  to  veritable  tangle*  of 
impassable  vine,  and  bru.h  in  areas  that  hav.  been  cut  over  and  then 
allowed  to  11#  fallow.  [11,  26] 

Each  task  in  euch  an  area  will  involve  locating  end  fixing  the 
target,  adjusting  fire  and  compensating  for  the  canopy,  and  moving 
to  new  firing  positions. 

Beyyrt.  Desert  areas  of  the  world  are  designated  primarily  on  the 
basis  of  thei.  avaraga  annual  rainfall..1  Typically,  the  twelve  desert 
region,  of  the  world  average  leas  than  six  Inches  of  rainfall  per  year, 


1 Average  rainfalls  can  be  misleading.  The  hamlet  of  Jakhle  in 

nh!v.f*h?r*  “**  W*nt  *Ul~n  5re*r*  ^-thout  a  trace  of  rainfall,  and  yet 
Dakhla  has  an  average  rainfall  of  five  inchea  per  year.  [12] 
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with  much  of  the  Sahara  averaging  less  Chan  ana  inch  of  rain  par  year. 
Along  with  sperse  rainfall,  tha  one— seventh  of  tha  land  lurfaee 
which  la  desert  la  characterized  by  high  temperature* ,  Tha  low 
tumidity  of  the  air  leta  the  atm 'a  rays  panetrate  the  atmoephara  and 
heat  the  ground  to  an  extant  lmpoaalbla  in  moiater  clime a,  Deytloa 
summer  temperatures  of  120*  f  are  commonplace  with  tha  ground 
temperatures  often  30-50*  above  that,  Night  temperatures  will 
plummet  50*  ur  more  balow  the  daytime  high,  again  due  to  the  lack 
of  humidity.  Visibility  la  often  limited  by  haat  mirages  and  aavare 
duat  and  sand  storms  which  reduca  visibility  for  days.  Movement  la 
usually  unrestricted  by  obstacles  and  barriers  except  during  the 
sandstorms  and  the  infrequent  rain  ahovars,  [12,  26,  28] 

Mountains.  Mountain  areas  are  vaguely  described  in  various 
reference  trxts  whan  it  comas  to  defining  the  difference  between  a 
mountain  and  a  hill.  Generally,  mountain  rsglona  are  given  as  those 
where  land  masses  rise  more  than  three  thousand  fast  above  sea  level. 
Important  to  the  ertlllery  system  in  the  discussion  of  this  scenario 
is  not  only  the  total  height  of  the  mountains  abova  sea  level,  but 
also  the  slope  cr  rata  of  gain  In  elevation  of  the  land  mass. 

The  general  areas  of  the  mountain  regions  of  the  world  comprise 
some  25%  of  the  continental  land  area,  Mountain  areas  are  usually 
typified  by  channelized  routes  of  c&wunlcatlons,  large  variations 
in  elevation  within  short  horizontal  distances,  and  msteorologlcal 
conditions  which  change  rapidly  and  oftan  unpredlctably.  Average 
slopes  usually  exceed  30%,  but  include  all  the  extremes  that  go  to 
make  up  an  average.  Vegetation  may  very  from  rain  forest  in  the 
lower  elevations  to  only  lichens  and  moss  ^oove  the  timber  line  which 
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occur*  around  12,000  f*at  above  aaa  lav*l.  The  run-off  aftar  a. 
plentiful  rainfall  la  oftan  heavy,  and  email  stream*  nay  a tally  flood 
aa  a  caault. 

At  higher  elevation*,  auch  aa  Tibet  where  the  average  elevation 
of  the  entire  country  la  oyer  15,000  feet,  atmospheric  pressure  1* 
reduced,  temperature*  vary  over  a  wider  range  and  weather  ia  even 
more  unpredictable  than  in  mountain*  of  lower  abaolute  height*. 
Unuaually  low  temperature*  come  on  with  nightfall,  and  winter*  are 
characterized  by  extremely  low  temperature*  with  anowfall  in  varying 
area*  in  amount*  according  to  humidity,  [11,  30,  31] 

Ideal.  The  Ideal  acenarlo  considered  here  la  a  non-exlatent 
perfectly  mapped,  flat,  table-land  which  ha*  Invariable  weather 
condition*  of  standard  temperature  aid  humidity  every  day,  no  wind, 
unlimited  viaibility,  and  a  few  low  hill*  from  behind  which  the 
artillery  pieces  are  unobaerveble  by  the  enemy.  There  are  no  trees, 
other  vegetation,  or  land  rneesea  to  meek  friendly  artillery  fir*  or 
to  afford  cover  end  conceelment  to  the  enemy  targets.  The  region  la 
trafflcable  and  communication*  are  perfect. 

CffftVHKVM*  Taking  rainfall,  terrain  slope,  and  temperature  as 
a  baals  foi  a  three-dimensional  scenario  space,  every  possible  target 
location  on  any  continent  may  ba  described  in  term*  of  th#  above 
quantities.  Many  location*  reduce  to  linear  combinations  of  temperature, 
rainfall,  and  slope.  Rainfall  and  taaperatura  combinations  imply 
the  vegetation  that  accompany  thtm,  i,#.,  vegetation  Haights,  types, 
and  amounts  aro  direct  functions  of  the  temperature  snd  rainfall.  As  an 
example ,  consider  th*  mountainous  rain  forest  of  nojthwaatern 
South  Vietnam.  This  might  be  represented  as  in  Figure  2.4.  This  figure 
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la  an  obvious  ovarsinqjlif  lcation  of  a  comp  lax  terrain  and  Oil  static 
condition,  and  It  la  perhaps  a  great  aaatMptlon  to  consider  Hat'  1 
tamparatura,  rainfall,  and  alopa  ara  a Imp  la  orthogonal  veCSOfO  which 
may  ba  addad  by  vactor  addition)  Tat,  than  may  bo  velwe  In  appraising 
tha  affacta  of  a  combination  of  tha  quantities  In  this  Way,  All  paaaibla 
affects  on  tha  artillery  aya tan  may  ba  considered  and  account  taken  of 
tha  total  computational  errors  which  may  be  Introduced  Into  the  iyitem 
as  tha  result  of  operating  in  such  a  complex  environment) 
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IU  A  MEASURE  OF  EFFECTIVENESS 
3. I  DISCUSSION 

Develop  las  •  measure  of  af  f  actlvenese  (HOE)  which,  Along  with 
cost  considerations,  will  accurately  order  alternatives  so  that  the 
■oat  desirable  one  nay  be  selected  Is  a  difficult  problem  that  h«s 
no  unique  solution  in  many  eases.  Three  Independent  studies  of  the 

problem  could  possibly  produce  three  independent  measures  of 
effectiveness,  each  of  which  would  ba  valid  and  each  night  evan  rank 
all  the  alternatives  in  the  seme  order,  though  not  neceaaarily  so. 
Defining  an  HOE  before  fully  understanding  the  mission,  the  scenarios, 
and  the  bealc  system  alternatives  nay  lead  to  a  precise  measurement 
of  a  wrong  or  poor  performance  parameter  with  a  resultant  ranking 
of  alternatives  according  to  the  wrong  or  poor  criteria. 

This  chapter  will  attempt  to  carefully  define  a  measure  of 
effectiveness  (HOE)  for  ranking  proposed  alternative  artillery  systems 
by  first  discussing  what  effectiveness  is  for  an  artillery  system. 

Next,  a  mathematical  modal  will  be  presented  in  the  font  of  an  objective 
function  to  ba  minimised,  Ths  parameters  of  tha  artillery  ayatam'a 
performance  will  ba  presented  and  than  analyzed  under  the  effects  of 
the  ecenarioi  previously  discussed.  Finally,  the  constraints  to  the 
objective  function  will  be  presented,  defined,  end  discussed. 

Whet  is  effectiveness  snd  how  esn  it  be  measured?  For  a  machanical 
engineer  effectiveness  might  bs  the  measure  of  tha  amount  of  work 
obtained  from  an  internal  combustion  engine.  This  effectiveness  la  a 
function  of  tha  total  energy  producing  fuel  that  wea  burned  and  the 
efficiency  of  the  motor.  Effectiveness  for  a  financial  investor  might 
ba  almply  the  cash  flow  from  hi*  investments. 
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In  a  similar  mannar,  In  tha  proeaaa  of,  choosing  an  alternative 
artillery  system,  the  HOE  will  be  a  naaaure  of  son*  output  being 
raallze<l  for  tha  Investmant  In  that  particular  alternative.  It  la  at 
this  point  that  tha  Investmant  picture  beconea  clouded  for  artillery 
ayatama.  What  la  the  'output'?  It  obvloualy  isn't  dollars,  unleas 
anaray  target  a  daatroyed  la  somehow  converted  to  dollara.  How  much 
output  or  return  la  enough  or  satisfactory?  How  la  the  return  beet 
measured,  or  can  It  be  measured  at  ell?  What  la  tha  exact  amount  of 
Investment  required  In  the  artillery  system  to  get  enough  return? 

If  the  expected  types  end  expected  niaabara  of  each  target  are  held  fixed 
for  each  engagement  In  each  scenario,  and  for  a  given  fixed  fraction 
of  casualties  per  engagement  for  each  scenario,  soma  conditions  may  be 
stated  fat  will  define  a  return  on  an  artillery  Investment! 

Minimize!  Tha  vector  whose  components  are  Variable  coats 
per  engagement  and  Artillery  non-engagement 
aystao  cost 

Subject  to!  Future  budget  constraints  are  not  exceeded 

Casualties  inf llcted/engagement  -  that  required 
Number  of  targats/engagemant  •  that  specified 
The  simplifying  assumptions  of  fixed  types  and  nunfcera  of  targets  per 
engagement  la  really  the  product  of  two  foregoing  assumptions,  first, 
that  all  axpected  engagements  In  which  artillery  would  logically  be 
employed  will  fall  within  minimum  and  maximum  bound*  for  numbers  end 
types  of  targets.  Obviously,  the  smploymsnt  of  artillery  against  on* 
lone  enemy  soldier  might  be  questionable.  In  like  manner,  the  enrnay 
is  esttaned  to  possets  clear  judgmtnt,  end  would  never  mess  or  concentrate 
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hi*  lore**  bayotd  th«  Unit*  el  tactical  efficiency  Into  a  fomatlon 
euch  e*  *  phalanx  of  on*  hundred  own  vide  by  one  hundred  ia*n  deep. 

The  eecond  aeeueptlcm  le  that  each  artillery  alternative  examined 
will  eatlefy  tha  conatralnt*  of  the  problem,  l,a,J  that  each  alternative 
will  perform  equally  well  within  tha  minimum  and  maximal  bound*  for 
the  number*  and  type*  of  tar  (at  a  par  engagement. 

Examining  tha  criteria  and  tha  conatralnt*  etatad  above,  It  night 
be  well  to  dlacuae  tha  term*  briefly  at  thia  point,  and  In  more  detail 
later.  Minimizing  variable  coata  per  engagement  mean*  reducing  all 
coat*  raaultlng  from  ona  combat  engagement  to  the  lowait  figure  poeelble. 
Variable  coeta  per  engagement  will  Include  the  coata  of  replacing  or 
repairing  combat  attrltad  weapon*,,  equipment,  and  man,  and  the  coat  of 
the  project  lie*  expended  again*  r  the  enemy.  One  dleadvantage  of  thla 
measure  la  that  It  will  vary  a*  a  function  of  the  number  of  engagement* 
fought  and  the  frequency  at  which  tha  engagement*  occur.  However, 
peacetime  readlnee*  coata  will  be  minimized,  and  If  the  aeaumptlon  1* 
made  that  the  number  and  frequency  of  engagement*  will  affect  all 
alternative*  approximately  the  a.amt.  *a  far  aa  variable  coata- par  engage¬ 
ment  go,  then  thla  criteria  will  atlll  be  accurate  and  reliable  In 
(electing  an  optimum  alternatlva. 

Tha  artillery  non-engagement  eyetem  coat  le  the  eecond  component 

of  the  aeeeure  of  effeetivenaaa  (MOE)  end  la  elmply  the  total  coat  of 

i 

the  alternatlva  over  it*  Ufa  la*e  all  variable  coata  Incurred  In  coadiat. 
Included  In  the  eyetem  non-engagement  cOet  era  euch  item*  a*  RDT4E, 
initial  procurement,  and  raudlnat*  operation*  and  maintenance  coata 
for  the  Ufa  of  the  ay*  tern. 


29 


NUMBER  of  casualties  required 
PER  ENGAGEMENT 


Th«  constraint*  set  tha  bound*  within  whleh  tha  ilumtitii  must 
lia.  Tha  non-angagamsnt  system  coat  obviously  mat  ba  laao  than  or 
aqual  to  tha  planned  futura  budget (  Costs  do  not  normally  octur  at 
ona  lnatant  in  tlma,  but  era  spread  ovar  tha  lifetime  of  tha  system. 

Tha  system  coat,  than,  will  ba  a  a  tram  ovar  tins,  and  the  planned 
budget  will  likewise  ba  an  estimated  budget  stream  ovar  tha  corresponding 
time  Interval.  Tha  next  two  constraints  embody  tha  assumptions  stated 
at  tha  first  of  this  section.  Tha  number  of  targets  par  engagement 
will  ba  as  specified,  and  tha  alternative  system  must  be  capable  of 
inflicting  at  least  ths  required  numbers  of  casualties  par  engagement. 

A  plot  of  non-engagament  system  dost  vs  nisabar  of  casualties 
achieved  in  a  specified  engagement  for  various  proposed  alternatives 
might  resemble  tha  graph  of  figure  3.1  This  illustration 


Non- Engagement  System  Cost 

Figure  3.1  COST  Of  T1JREE  ALTERNATIVES  fOR  GIVEN  CASUALTY  LEVELS 
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represents  system  coat  tn  a  particular  scenario  S,  and  for  thla 
lnatanca  ayatam  I  will  hove  the  minimum  non-engagement  ayatam  coat 
If  tha  number  of  caaualtlaa  par  engagement  la  laaa  than  A*.  If  tha 
required  nuaibar  of  caaualtlaa  par  engagement  la  batvaao  A'  and  A’* 
than  system  II  la  tha  propar  cholca  for  thla  thraa  altarnatlva  example. 
For  any  caaualty  rata  abova  B'(  a  ay  C' ,  than  aystem  III  minimizes  tha 
non-angagaaient  system  coat  required  to  acblava  tha  daalrad  number  of 
caaualtlaa  par  engagement.  Tha  aaauaptlon  la  that  aach  altarnatlva 
can  acblava  an  incremental  lncraaaa  In  caaualtlaa  for  some  Incraaantal 
lncraaaa  In  ayatam  coat,  excluding  variable  coata. 

Figure  3.1  ia  tha  plot  of  three  dlacrete  artillery  altarnatlvea. 
Theoretically,  aeveral  other  dlacrata  altarnatlvea  aay  axlat  with 
non-engagamant  ayatam  coat  va  number  of  caaualtlaa  per  engagement  plota 
aa  ahown  In  Figure  3,2,  Aa  euffldent  altarnatlvea  are  conalderad  and 
plotted,  a  composite  curve,  aay  V,  emerges  aa  a  continuous  boundary  or 
frontier  of  efficient  altarnatlva  solutions  to  the  problem.  For  example. 
If  A'  caaualtlaa  par  engagement  are  required,  A"  la  tha  minimus  non- 
engagement  system  coat  to  uchleve  Af  caaualtlaa,  and  A"  must  be  spent 
on  altarnatlva  IV, 


Figure  3.2  EFFICIENCY  FRONTIER  FOR  NON-ENGAGEMENT  SYSTEM  COST 
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How  do  tho  ewe  quantities,  variable  eo«t  per  casualty  and  neo- 
engagement  system  coat,  vary  for  i  given  nmrt>er  of  casualties  inflicted 
por  engagement?  An  Intuitive  argument  It  praaantad  via  Figut*  I.), 
Conaldar  a  third  axle  cosing  out  of  tha  paper  representing  eaaualty 
laval  par  engagement,  than  tha  curve  In  Figure  3,3  represents  a  plateau 
at  some  eaaualty  laval  In  a  particular  scenario,  tuch  aa  rain  fora  at, 
Tha  aye  tan  which  has  minimum  non-engagement  ayatas  coat  Yj  has  aoaa 
variable  cost  Cj.  Perhaps  another  alternative  which  has  heavier 
weapons  of  greater  caliber  hat  non-engageaent  system  cost  Yj,  but  Its 
heavier  projectiles  are  sore  efficient  In  the  high  canopied  rain  threat 
with  a  resulting  variable  coat  C2  less  than  C. .  Aa  the  nirn-engtgwaanr 
system  cost  increases  to  tha  right,  tha  cost  of  replacing  attrltad 
equipment  lost  in  tha  engagement  will  beeoms  the  overriding  factor  and 
turn  tha  variable  cost  par  casualty  upward  again. 


Figure  3.3  VARIABLE  COST  PHI  CASUALTY  VS  NON-ENGAGEMENT 
SYSTBt  COST,  COMSTAMt  CASUALTY  LEVEL 
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Tabu  3.1 


LIST  OF  SYMBOLS  FOR  CALCULATING 
VARIABLE  COSTS  FEE  ENGAGEMENT 


Snfeftl  Definition 

JLi'  A  vector  (Ei,E2,....F,p,  Ep+^,. . .  .Ep^)^ 

of  expected  attrition  of  p  type*  of  equip¬ 
ment  end  v  types  of  weapons  In  scenario  1 


_I  A  replacement  coat  vector 

^l»I2***,*^p+l****  *ot  ***  •<■ 

p  types  of  equipment  and  w  types  of  weapons 

C^.'  A  vector  of  costs  per  round  (Ct, . .  ,Cc  ) 

for  w  types  of  weapons  w 


Rj 1  A  vector  of  expected  numbers  of  rounds 

expended  per  aagtgeaeut  (R1...,,Iv)t  for 

the  w  types  of  weapons  In  scenario  1 


TVCj 


Total  variable  cost  In  scenario  1 
TVCi  -  V  £r  +ii'  I 


Required  number  of  casualtlea  per  engage¬ 
ment  for  scenario  1 


Average  total  variable  cost  par  casualty 
per  eagagenent  la  scenario  1. 


C  A  vector  of  the  variable  costs  per  casualty 

for  the  scenarios,  £  «  (C^.Cj ,C^,C^) 


V  A  vector  of  the  non-ongagaoent  ayatom 

costs  for  tha  scenarios, 

X-  (Y1,T2,Y3,y4) 
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3.2  THE  MEASURE  OF  EFFECTIVEHESB 

Th«  criteria  for  the  artillery  system,  or  the  measure  of  effaetlva- 
naaa  (MOE) ,  ha*  b«Mt  briefly  mentioned  aa  the  problem  of  simultaneously 
minimising  the  variable  coat  per  carnal ty  per  engagement  and  the  non- 
engagement  system  cost.  A*  stated,  the  problem  la  one  of  minimising 
•  two-component  vector  consisting  of  variable  coat  per  casualty 
non-engagement  system  coat,  and  each  of  these  two  components  la  again 
another  vector  consisting  of  four  components  each.  The  components  of 
variable  cost  and  non-engagement  system  coat  correspond  to  tha 
calculations  obtained  in  tha  four  scenarios  using  the  notation  as 
given  In  Table  3,1.  In  notation,  the  criteria  Is 

Minimise  (£,  Y) 

where  £  la  the  vector  of  variable  costs  per  casualty  and  T  Is  the 
vector  of  non-engagement  system  cost.  More  details  of  vector  minimi¬ 
zation  will  be  discussed  In  Chapter  V,  but  for  now  the  details  of 
determining  the  components  of  the  C  and  T  vectors  will  be  examined. 

If  It  happens  that  the  system  characteristics  are  determined  and 
the  non- engagement  system  cost  estimated  before  any  prototypes  are 
built,  then  the  continuous  function  outlined  In  Figure  3.2  would 
apply.  If  several  discrete  prototypes  ware  currently  in  being,  the 
criteria  might  be  modified  somewhat  to 

Minimise  (£,  J)  J  ,  J  -  1,2 . .  and  n  -  2 

which  Indicates  that  each  discrete  alternative  J  will  be  analysed  and 
coated  for  Its  values  of  £  and  £,  J  taking  on  the  vi.lues  on*  to  n  and  n 
*■'  Ir#*t,r  than  or  equal  to  two.  The  optimum  solution  will  be  that 
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.lt.rn.ttv.  which  *lault«a«ou.ly  h»  -inimum  £  *  v.ctor.  w 

.11  If  thi,  unique  ,ol»ti*  doM  no£  .xl§tf  ^  tbM- 

1-  “*  IW" '  °°*  0tW  *«  *lth«  £  or  £  vector  which  1. 

1*«,  thw  tr.d*-off.  «d  ..o ondwr,  critori.  m.t  b«  con.id.red, 
n»i«  will  b.  41 JCtw*ed  further  to  Chapter  V. 

fftfi  VKlibii  .felt  p.r  CMutlt.  Twbiw  3.1  d«fu.. _ T 

Of  th.  Mine,  rccry  ^  V4l-  Bf  ^  wiAU  t' 

per  c unity  f,r  th.  Mriou.  Bm1c.11,*  th.  TMtaix.  cc|t, 

casualty  .«  «<U  „p  of  th.  «...  of  ^  4ttrlUoB  _  ^  fy#t-B 

**“  °#,t  °f  th8  «  th.  t«g.t.  1.  th. 

Th.  vector  Tabl,  3.1  ho,  ccw.poo.nt.  which  «,  th. 

of  cch  typ.  of  .quipcnt,  «d  vrtlcl..  „«.r.tnd  ^ 

through  o.  md  th.  minb.r«  of  w.«pon.  by  type  on.  through  w  which  «r« 

.«p.ct.d  to  b«.»  CMu.lt!..  du.  to  M.cy  .ction  or  M  ,  cult  of 
co»h.t  Htlft  th.  «.„*  .  «g^nt  ^  #Mawlc)  ^  ^  wtor  1 

hM  M  CMpoOMt.  th.  MpUCMnt  CMC  of  ..ch  of  th.  Coupon**.  of  E, 
“d  th.  l„n.r  product  of  th...  v.ctoril  v  ^  tlvel  tha  4ltmttoa 

c°‘f  P#r  enB-““t  «■ «*•  *•  0-  -t.  Of  c.ut Ion  u  th.t  th. 

c«.t  of  rapl.cMi.nt  MMci.t.d  with  p.r.onn.1  1§  om,  ^  tralaln|  ^ 

tran.pcrt.tlcn  cct.  Involwd  in  replacing  p.r.cun.1  cmmLU.  ^ 

i*  iu>t  a  price  to  on  humn  lif«  it  _ ...  l. 

UMn  llf*«  11  “y  b«  utuMd  th.t  .11  p.CMnn.1 

1o.m.  will  b.  .q„.i  *on*  .u  .u.tn.tiv..  for  any  gt^«  -,-a-  t> 

«d  th.  ucd  to  OOMidM  frilly  p.CK^.i  lpw*  p.r  asn#MM-ot  ^ 

b.  . Hula. ted,  if  i£  ti  dcoad  th.t  «..«««. i  i„ 

'~mama  ct  par  mu.  1  lo..«,  must  b.  owwid.r.d 

for  .11  .lt.rn.tiv.,,  r.8.rdl.„,  th.  «.  .olution  Mght  b.  to  put 
•uch  .  high  pric.  on  ..ch  huMn  lif.  th.t  no  on.  could  .r,u.  .bout  it 
“d  lBClUd•  thl*  C°“  ln  th*  —i.bl.  co.t  p.r  ^  lf 
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usually  Impractical  because  of  social,  rsllgioua,  and  emotional 
reactions.  A  mora  realistic  solution  Bight  bo  to  things  tht  critaria 
to  include  the  expected  number  of  friendly  personnel  casualties, 
Minimise  <  £  »Ii  2  > 

where  the  vector  £  is  a  vector  of  expected  fri«.  ;ly  casual  ties,  one 
component  corresponding  to  itch  seen  trio » 

The  sources  for  determining  the  expeated  values  of  the  components 
of  may  bs  varied.  Past  combat  experience  will  give  eons  guide  as 
to  personnel  end  vehicle  losses  that  may  be  expected  for  a  given  stead 
engagement.  However,  new  technology,  engineering,  teetlce  end 
environment  effects  will  Influence  the  vulnerability  and  the  consequent 
combet  attrition  of  sil  system  components,  including  personnel.  Past 
sxparlanca  must  be  tempered,  than.with  judgment  and  a  full  appreciation 
of  currant  friendly  and  anamy  capabilities.  Possibly  a  batter  estimate 
could  be  obtained  by  programming  anamy  capabilities  into  stsndsrd  war- 
gams  slmulstlons,  snd  analysing  thsir  results  against  friendly  forcea 
In  the  computer  Iterations.  [16] 

The  replacement  cost  vector  i  snd  the  vector  of  costs  per  round 
St  *r*  •imP1y  the  costs  of  replacing  tha  combat  attrlted  or  combat 
expended  components  of  the  system.  However,  J^,  the  vector  of  expected 
number  of  rounds  expended  per  engagement  is  not  so  straightforward. 

Bach  component  of  ^  is  an  expected  number  of  rounds  calculstsd 
according  to  tha  formulas  givsn  in  Appsndix  I,  and  tha  components,  whsn 
staenad,  will  bs  ths-number  of  rounds  required  to  inflict  ths  dssired 
casualty  lsvsl  In  each  icanarlo  1, 
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Using  a  standard  dsrlvstion  undsr  the  sssuptions  stated  la 
Appendix  I  [16,  18],  tba  expected  number  of  round*  requited  to  Inflict 

'  ’  '  ’  1  "  V  ’ 1  •  * 

a  glean  level  of  casualties  Kj  per  antagssmnr  la  a  function  of  the 
area  of  the  target  (At),  the  naan  area  of  aifactlvaaeea  (MAE)  of  each 
round,  and  the  circular  error  probability  (CEP).  These  parameters, 

At,  MAE,  and  CEP,  and  the  factors  which  affect  than  are  given-  in 
Table  3.2  .  . 

Before  discussing  tha  perturbations  of  these  parameters  by  the 
various  scenarios,  some  discussion  of  the  number  of  casualties,  Ei  for 
each  scenario  1  is  In  order.  The  amber  of  casualties  Is  strictly 
deterministic,  and  the  assumption  la  that  any  target  which  Is  within 
the  specified  mean  area  of  effectiveness  (MAE)  of  s  particular  bursting 
projectile  will  be  made  s  casualty  by  that  projactlle.  As  previously 
msntloned,  MAE  will  vary  as  e  function  of  target  type,  position, 
hardness,  etc.  In  order  to  simplify  the  target  and  round  calculations. 

Table  3.2 

PARAMETERS  AFFECTING  THE  EXPECTED  NUMBER 
OF  ROUNDS  REQUIRED  TO  ACHIEVE  CASUALTY  LEVEL  K, 

auBUok  At 

Herd 

Medium  Hard 

Soft 

Coverage  effects 


Mean  Area  of 


Projectile  design 
Calibar,  weight 
Velocity 
Angle  of  fell 
Height  of  burst 
Coversgs  effects 


Circular  Error 

sar 

Random  system  error 

Target  location  error  and 

Weapon  location  error 

Target  reporting 
method,  techniques, 
time  lege 

Coverage  effects 
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all  targets  may  ba  (Ivan  in  urn  of  thnlr  personnel  aquivalaata .  For 
example,  an  enlfty  tdnk  with  i  ctw  of  four  would  ba  thought  Of  at ' a 
personnel  targat  with  ait  iraa  equal  to  that  of  tha  tank*,  and  the  MkK 
uaad  would  ba  that  of  tha  particular  round  agalnat  tanka.  UHL*  will 
raduca  eaaualtlai  par  engagement  to  a  atngla  value  inataad  of 
requiring  a  vector  of  value*  Hating  all  tha  varloua  targat  type*. 

Since  tha  caaualtlaa  par  angaganant  ^  la  datarnlnietlc,  and  tha  variable 
quantity  la  tha  number  of  rounda  required  to  Inflict  caaualtlaa! 

It  night  ba  daalrabl*  to  add  a  probability  etatooent  which  raqulraa 
chat  tha  probability  of  achieving  la  gvaatar  than  aona  arbitrary 
valua,  aay  0.9.  Thla  probability  atutanant  can  bn  tranafnrrad  to  tha 
axpactad  number" of  rounda  par  angaganant  vector,  by  requiring  tha 
expected  number  of  round*  par  angaganant,  which  1>  an  averdg*  value  of 
expectation*  obtained  over  aona  nunfcar  of  computer  Iteration*,  to  b* 
greater  than  ninety  percent  of  tha  Individual  expactatlona  found  on 
each  computer  almulatlon.  In  notation  thla  nay  .a  expressed 
P(*i*  -  Kt)  -  P(m  rounda  Inflict  or  nor*  caaualtlaa  par  engagement) 

-  0.9 

whar*  Kj*  la  a  randan  variable  and  la  tha  actual  number  of  caaualtlaa 
par  angaganant.  The  variable  m  la  a  oonputar-da rived  axpactad  number 
•f  rounda  raqulrad  to  Inflict  caaualtlaa  par  angaganant. 

Tha  variable  coat  per  caaualty,  from  Table  3.1,  la  aaan  to  b*  tha 
product  of  axpactad  attrition  tlnaa  attrition  cost*  plus  axpactad 

round  expenditure*  tinea  coat  of  rounda  all  divided  by  tha  number  of 

/ 

caaualtlaa  par  angaganant  Kt,  Tha  next  question  that  might  b*  naked 
la,  how  Is  tha  variabla  coat  par  caaualty  affected  by  the  scenario. 
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W«#POT.  Will  have  «  certain  sat,  o£  condition*  under  which  thqy.will 
function  end  perform  optimally,  («d  these  renditions  will  be  considered 
prevalent  in  the  noa-.xlatent  Ideal  Scenario.  The  MAE  of  each  rewad 
will  re  elite  its  physical  linits  la  the  ideal  seenario,  the  meertainty 
of  the  locations  of  the  artillery  weapon  and  the  targatwlil  be 
adninired  and  will  reduce  the  tap  to  a  function  of  the  raadoa  error 
of  the  weapon  system  only.  The  expected  number  of  rounds  required 
to  inflict  Kj  casualties  par  engagement  in  tha  ldael  scenario  will  be 
optimiatlc  with  respect  to  the  other  scenario.  or  what  nay  occur  in,  an 
actual  engagement.  Attrition  due  to  combat  can  be  expected  to  be 
min  iodized  in  the  ideal,  scenario,  and  a  lower  bound  for  variable  coats 
per  casualty  will  be  realized  with  respect  to  thg , other  scenarios  and 
actual  engagements. 

In  rain  foreat  arena,  mapping  is  usually  poor  and  distinguishing 
landmarks  ere  usually  more  obscured  by  the  high  tree  canopy.  [1]  i,  , 
result,  increased  uncertainty  of  the  location  of  the  artillery  weepom 
end  the  enemy  target  results  in  greatar  CEP’s.  Targat  area  la  usually 
reducad  in  danaa  vegatatlon  for  coummnd  and  control  purposes,  and  will 
result  in  n  smaller  probability  of  hitting  the  target  by  n  single 
round,  as  teen  in  Appendix  I.  The  observer  has  e  decreased  ability 
to  locate  and  adjust  bursting  rounds  onto  tha  targat  dun  to  tha  muffling 
qffect  of  the  treq,  canopy.  Shielding  and  daflactien  of  the  projectiles 
by  the  high  canopy  will  tend  to  reduce  the  MAE.  Tha  total  effectp  of 
increased  CEP,  reducad,  MAE,  and  reduced  At  will  b*  to  lncraagt  tha 
expected  ntmbar  of  required  rounds  to  achieve  Kj, 
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Th«  effects  of  high  temperatures  and  humidity  associated  with  the 
rain  forest  will  tsnd  ta  lacraaia  the  numbers  of  man  raqulrad  toptrf  *rm 
a  given  work  load  above  tha  nusrts.  required  undar  Ideal  temperature 
and  humidity  condition!,  Preventive  maintenance  load*  may  increase  : 
die  to  an  environment  which  la  conducive  to  ruat  and  corrosion!  As  m. 
result,  attrition  of  weapons  and  equipment  will  be ' axpecthd  to  Increase 
above  that  expected  In  an  Ideal  anvi.'oneent.  The  total  results  of 
Increased  expected  rounds  raqulrad  to  inflict  and  Increased  attrition 
will  be  an  Increased  expected  variable  cost  per  casualty  for  an  angkga- 
ment  In  a  rain  forest  over  that  expected  In  an  Ideal  scenario.  '  '' 

L'asort  effects  will  bn  a  markedly  Increased  attrition  of  weapons , 
vehicles,  and  equipment  due  to  heat,  sand,  and  grit  [19],  and  Increased 
attrition  of  personnel  undar  combat  condition*  dua  to  the  affects  Of 
hast  and  low  humidity,  [3,  12,  20]  A  desert  engagement  la  character- 
iaad  by  nobility  and  an  Increases  deman  lor*  movement  agalnat  fleeting 
targets,  resulting  to  greater-than-ldeal  scenario  wear  and  tear  on 
vehicles  and  aqulprant,  contributing  further  to  attrition  of  equipment. 
Fleeting  targets,  effects  of  heat  mirages,  duet  and  sand  storms  will 
all  reduce  tha  accuracy  of  locating  targats  and  tha  affactlvanase  of 
adjusting  fire  onto  the  targets. 

In  the  mountain  scenario  the  added  uncertainty  of  elevation  la 
added  to  that  of  target  location  and  weapon  location,  resulting  In  an 
increased  CEP  over  that  obtained  If  locations  and  elevations  are 
exactly  known.  By  geometry1'  It  Is  seen  that  tha  effective  CEP  against 

xIt  will  ba  mora  If  tha  projectiles  fall  at  an  angle  leas  than 
90*  onto  a  reverse  alop*  of  30*.  Firing  at  a  fixed  point  P,  half  of  tha 
round*  would  be  expected  to  fall  within  a  horisontal  circle  of  radius  r. 

On  a  30*  al^pe,  the  same  cone  of  fire  projects  to  an  ellipse  wJth  a 
minor  radius  of  r  and  a  major  radius  of  r/eos  30*.  The  new  ares. 

Instead  of  being  pi  times  r2,  is  now  pi  times  r2  divided  by  cos  30* 
for  an  increase  of  16Z  over  tha  horizontal  CEP, 
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target i  appearing  on  reverse  ilopa  terrain  nay  increase  by  as  touch 
ra  16Z  on  a  30*  slope  due  to  the  slope  alone.  However,  CEP's  will  be 
reduced  on  forward  slopes  by  the  same  analysis.  Uncertain  and  variable 
meteorological  conditions  and  the  added  burden  of  Mlntalnlng  obser¬ 
vation  of  reverse  slopes  by  air  or  other  means  increases  CEP's  end 
attrition  costs  respectively. 

Mountain  messes  tend  to  mask  or  shield  the  fire  of  some  weapons 
and  will  place  an  increased  requirement  on  high  angle  fire  weapons. 

High  angle  fire  is  characterised  by  greeter  CEP's  and  smaller  caliber 
weapons  with  smaller  KAE's.  Mountain  messes  will  also  channelise 
communications  end  logistics  routes  increasing  the  vulnerability  to 
ambushes  and  enfilade  fire  and  the  expected  attrition  to  an  engagement. 
The  overall  effect  will  be  an  sxpected  variable  cost  per  casualty 
greater  than  that  expected  in  the  ideal  scenario. 

The  Mon- Engagement  System  Coat  Vector.  Returning  now  to  the  basic 
modal  presented  at  the  beginning  of  this  section,  consider  the  second 
component  of  the  measure  If  effectiveness  vector  (  £,  J  ) •  The  non- 
engagement  system  cost  component  Tf  is  Itself  a  vector  composed  of  four 
components  which  correspond  to  the  non-engagement  system  life 
costs  in  each  scenario  1,  The  adjective  'non-engagement'  is  added  to 
indicate  that  the  system  cost  considered  here  does  not  Include  the 
variable  costs  that  arise  solely  in  the  combat  engagement.  Such  items 
as  training  asaualtloo  and  normal  stocks  of  spare  parts  are  Included 
in  the  non-engagement  system  cost,  but  cosfcat  attrition  and  expenditures 
of  ammunition  against  an  enemy  are  not.  For  any  alternative  being 
rrisldered,  its  minimum  non-engagement  system  cost  will  be  realised  in 
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th#  ideal  acenarlo  because  weather  and  'tefraln  condition#  wlltfe#  Ideal, 
resupply  and  movement  will  be  unrestricted,  and  maintenance  and  oper¬ 
ating  condition*  will  ba  optimum. 

Some  o£  the  affect*  of  the  rain  foreit  on  the  non-engagement 
•y*t#o  cott  are  thoie  due  to  haat  and  humidity <  Weapon  and  equipment 
Ilf*  cycle*  are  ahortanad  a*  a  reault  of  mildew,  ruat,  and  corroalon 
reaultlng  in  higher  total  replacement  coat*  over  a  given  period  of 
time.  Peraonnel  do  not  perforin  aa  wall  In  excaaalv*  heat  and  humidity, 
and  thla  requires  greater  number*  of  peraonnel  plua  greeter  ’number* 
of  replacement*  to  accompllah  the  workload. 

Due  to  the  high  canopy  and  excaaalva  vegetation,  fewer  firing 
petitions  will  be  available.  Mobility  of  the  basic  weapon  will  be 
reduced  and  there  will  be  a  requirement  for  special  vehicle*  aa  a 
result  of  lack  of  roads  and  trail*  and  th*  axlatanca  of  axcaaalv# 
vegetation  [3].  Requirement*  may  b*  generated  for  mora  or  perhapa 
new  observation  components  for  detecting  enemy  target*  beneath  the 
canopy.  The  canopy  will  Inhibit  or  meek  th*  firing  of  th*  weapon* 
on  targets  at  certain  ranges  and  will  piece  an  Increased  operational 
requirement  on  the  mortars  and  howltaara.  The  overall  firing  rate 
and  firing  capability  will  be  Impaired  a*  a  reault.  In  the  event 
the  enemy  artillery  he»  well-prepered  poaitlona,  Increased  vulnerability 
to  enemy  counter  battery  fires  may  reault. 

Low  humidity  and  high  temperatures  such  as  are  found  In  th*  deaert 
scenario  reduce  the  Ilf*  cycle*  and  th*  work  cycles  of  equipment  and 
man.  Preventive  malntananca  Intervals  will  ba  shorter  due  to  sand  and 
dust  and  chemical  breakdown  of  lubricants  due  to  axcaaalv*  hast.  Greater 
number*  of  personnel  will  b*  required  to  perform  th*  Increased  malntananca 
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work  load  and  to  cotqpensata  for  the  debilitating  effects  of  daaart 
haat.  [2,  19,  28]  Logistic  support  requiremsnta  will  ba  incraaaad 
dua  to  maintenance  and  paraonnal  requirement*  and  dua  to  tha  natura 
of  daaart  warfara,  i.a,,  warfara  that  la  charactarltad  by  nobility 
and  slashing  maneuvers  of  nobile  troop*.  [3]  Th*  total  affacta  of 
the  daaort  acanarlo  will  ba  to  lncreaa*  th*  non-*ng*g*mant  ay  a  tan  coat 
over  that  expected  In  an  Idaal  acanarlo. 

In  tha  mountain  acanarlo,  mountain  maaaaa  will  tand  to  channalla* 
communications,  Inhibit  nobility  and  freedom  of  smvemsnt,  and  place  a 
requirement  on  tha  ayatam  for  a  greater  number  of  high  angle  of  fire 
weapons  to  meat  tha  firepower  raqulramanta.  Higher  altitudes  and  low 
temperatures  will  tand  to  reduce  tha  tampo  of  operations  dua  to  human 
tendency  to  fatigue  more  rapidly  In  these  conditions.  Above  certain 
altitudes  helicopters  may  bacons  Ineffective  for  tactical  and  logis¬ 
tical  aupport.  These  factor*  combine  to  result  In  a  reinforced 
artillery  system  when  compared  to  that  required  In  tha  Ideal  scenario. 

To  sumtarlse,  the  non-engagement  system  cost  will  Increase  as 
humidity  and  average  rainfall  decrease  to  desert  conditions  from  a 
standard  day  or  Ideal  conditions.  Non-engagement  system  coat  will 
alao  lncreaa*  as  humidity  and  rainfall  Increase  to  rain  foreat  conditions 
from  the  standard  day  or  Idaal  conditions.  Desert  condition*  will 
require  Increased  operation*  and  maintenance  coats,  Increased  personnel 
costs,  and  Increased  logistic*  coats.  Kaln  forests  may  require  more 
firing  units  since  mobility  la  hampered,  or  may  require  more  helicopter 
unit*  to  attain  an  acceptable  capability  to  displace  rapidly.  Mountain* 
require  a  preponderance  of  high  angle  of  fire  weapons,  an  increased 
observation  system  to  observe  reverse  slop*  terrain,  and  increased 
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firepower  means  to  overcome  tha  vulnerability  Imposed  by  channelised 
communication* ,  Alio,  higher  altitude*  will  ctuaa  a  lota  bf  affielancy 
of  personnel  and  support  helicopters.  ' 

3.3  THE  CONSTRAINTS 

Tha  baaie  constraints  to  tha  aolutlon  of  tha  taodal  propotad  in 
thla  aection  ara  given  In  aactlon  3.1.  Tha  flrat  la  that  tha  non* 
engagement  system  coat  b*  equal  or  lata  than  tha  budget.  Aa  davalopad 
more  fully  In  Chapter  IV,  all  tha  coat*  de  not  noratally  occur  at  on* 
alngle  point  In  time,  to  that  the  tyatam  eoata  at*  Incremental  over 
soma  period  of  tine.  That*  periodical  cotta  ahould  be  equal  to  or  laaa 
than  tha  planned  budget  before  their  aatoclatad  alternative  la  even 
considered  aa  a  poaaibla  aolutlon.  The  second  constraint  require* 
that  the  casualties  Inflicted  per  engagement  la  greater  than  or  equal 
to  tha  number  specified.  If  tha  alternative  syatam  cannot  Inflict 
tha  degree  of  destruction  required,  there  la  no  need  In  examining  that 
particular  alternative,  Tha  third  constraint  was  that  tha  number  of 
targets  par  engagement  must  b*  specified,  although  this  may  be  thought 
of  more  aa  an  assumption  than  aa  a  constraint  tinea  It  does  define  the 
engagement. 

Four  other  constraints  ara  Implicit  In  those  atatad  In  section  3,1 
and  ahould  b*  mentioned,  Tha  flrat  Implied  constraint  concern*  tha 
maximum  rang*  of  tha  tyatam.  Tha  minimum  acceptable  maximum  range 
must  o*  stated  to  provld*  for  the  counter  bettery  task  in  each  scenario. 
The  second  Implied  constraint  la  that  of  continuous  coverage,  l.t.,  the 
proposed  alternative  nix  of  mortars,  howtttera,  end  guns  muat  provide 
artillery  coverage  from  the  forward  edge  of  tha  battle  ate*  (FEBA) 
continuously  to  the  minimum  acceptable  maximum  range  atatad  above, 
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If  holes  exist  in  ths  artillary  cava  rasa,  the  enamy  noed  only  ally 
hia  own  artillery  lata  each  a  'hale'  mi  decimate  friendly  artillary 
at  will.  Tha  two  recalling  conatrainta  which  will  ha  diacaaaad  a 
little  more  at  length  are  the  lap  lied  nobility  conatrainta  and  tha 
inplled  technological  conatrainta. 

A  weapon  which  could  davaatata  any  known  target  with  one  eiagle 
ahot  out  to  a  range  cf  tan  nilaa  at  a  coat  of  only  five  dollara  par 
round  would  heve  limited  use,  in  mat  inatancea,  if  it  could  apt  be 
tranaportad  on  a  ship,  lifted  by  an  aircraft,  or  pulled  by  a  truck. 

If  thia  mythical  weapon  could  be  Instantaneously  manufactured  at  any 
choaen  spot,  all  tha  transportation  restrictions  might  be  cireumuantad. 
However,  in  tha  usual  instance,  mobility,  the  characterlatie  of  dis¬ 
placing  from  one  position  to  another  to  engage  in  combat ,  adds  to  tha 
effectiveness  of  tha  system,  A  weapon  or  vehicle  that  is  described  aa 
being  highly  mobile  la  usually  capable  of  moving  across  various  types 
of  soils  inclined  at  various  slopes  at  apaada  described  aa  fast  or 
good.  How  mobllo  is  'highly  mobile'  and  how  faat  la  'good'? 

One  method  of  quantifying  tha  mobility  characteristics  of  a 
system,  is  to  define  the  constraint  vector  T  which  la  a  vector  of  tbs 
minimum  tlmea  in  each  of  tha  scmoarloa  for  any  battery  of  a  system  to 
displace  a  given  apaciflad  distance  in  each  scenario  and  to  commence 
firing  on  tha  new  target  from  tbs  new  firing  position.  Tha  standard 
diatanca  in  aach  scenario  might  be  soma  fraction  of  tha  range 

of  the  weapon  mix,  and  would  contain  typical  terrain,  vagststlon,  and 
obstacles  repraaantatlve  of  tha  scenario.  Sach  oosqionant  Tj  of  tha 
vector  T  would  correspond  to  a  scenario  i,  and  would  be  measured  from 
tha  time  tha  first  artillery  tuba  of  tha  particular  battery  ceases 
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firing  and  begins  the  displacement  until  the  tin*  tha  last  weepon  af 
tha  bettery  which  la  displacing  begins  firing  an  tha  new  target  ftan 
tha  nav  position.  This  vector  of  dleplaeenent  tines  T  would  ba  required 
to  ba  lass  than  sons  naxlaunt  altownbla  tints* 

—  ^itaslnun 

'fh*r*  iax  11  arbitrarily  asalgnad  or  nay  ba  a  vector  of  tha  average 
tines  of  the  current  operational  syeten  In  displacing  over  the  prescribed 
distance*  and  obstacla*  In  aach  scenario. 

The  tines  to  displace  will  ba  lone  function  of  the  weapon  weight, 
tha  scenario,  and  tha  technology  of  the  nobility  node  selected,  l.e., 
whether  the  weapon  la  towed,  self-propelled  (SP),  an  nephlblan,  or 
helicopter  transported.  Tha  datamation  of  the  optima  node  or  mix 
of  nod*,  for  artillery  nobility  1.  .  topic  for  anoth.r  re.earch  paper. 

Technological  constraints  eaist  which  relate  vaapon  system  char.ct.r- 
Istlcs  to  the  measure  of  effectives***  (ms)  of  the  alternative.  Stating 
that  relationship  nay  ba  son. thing  of  a  problem,  but  than  is  a  recog¬ 
nised  Unit  to  tha  currant  .tate-of-the-art.  Currant  technology  can 
only  do  so  much,  projectile,  can  be  made  to  have  only  son.  maximum  MAE 
and  inflict  only  *o  many  casualties  In  a  given  area,  helicopter,  can 
fly  only  *o  fast  in  displacing  artillery  units,  stc.  Ths  coopornnts 
of  ths  verlsbl.  cost  par  casualty  victor  £  are  functions  of  attrition, 
replacement  costs,  sxpactsd  axpsndl turns,  s„d  cost,  psr  round  of 
aanunltlon,  or 

C  -  (attrition,  raplscansnt  cost,  nunb.r  of  roiads  flrsd, 
cost  par  round  of  ansualtlon,  caliber  of  round) 
end  each  of  tha  «mpo„.«t.  .re  function,  of  oth.r  vsrlabl.s.  Attrition 
will  ba  •  function  of  temperature,  humidity,  terrain  slope,  nutter  of 
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moving  part*  la  th#  place  of  aqulpwwt,  number  of  *n*my  target*  opposing, 
number  of  rounds  fired,  and  other*,  Equipment  replacement  coat*  and 
anrauni  tloo  coat*  will  be  function*  of  equipment  or  weapon  weight  and 
•Isa,  calibre,  number  of  moving  parts,  maximum  rant*  of  tba  waapoo  or 
round,  ate.  Th*  nunbar  of  round*  firad  to  dafaat  th*  target  will  b* 
fi  function  of  MAE  and  CEP  which  in  turn  ara  function*  of  th*  waight  of 
th*  round,  muxsls  velocity,  rata  of  fira,  rang*  to  targot,  canopy  height, 
caliber,  angle  of  fall,  height  of  burat,  location  error,  and  othar*  aa 
indicated  in  Table  3.2,  Standard  ragraaalon  program*  exiat  at  moat 
computer  facllltlaa,  and  thaa*  program*  will  uae  paat  data  of  waapem 
type*  to  compute  coefficient*  of  th*  parameter*  to  da  fine  an  approximate 
function  F^  for  predicting  C.  However,  tha  value  of  Fj  for  predicting 
C  when  the  new  alternative  characterlatlc  parameter*  are  outside  tha 
range*  of  valuas  of  th*  past  data  requires  Judgment,  If  all  tha  paat 
caliber*  have  been  in  the  range  from  81mm  to  175mm,  F^  might  not  bo  *e 
useful  for  extrapolation  in  estimating  C  for  a  25<bnm  weapon. 

If  continuous  second  partial  darivatlva*  of  Fj  could  be  assumed 
or  determined,  parhapa  a  batter  uae  of  Fj  would  b*  to  determine  tba 
minimum  C  by  th*  classical  method  of  setting  tha  first  partial  deriva¬ 
tives  with  respect  to  th*  parameters  equal  to  aaro  and  solving  th* 
resulting  sat  of  simultaneous  aquations, 

la  Ilka  manner,  th*  non-angagomant  system  cost  T  is  soma  function 
of  th*  number  of  target*  par  engagement,  tha  temperature  sad  humidity, 
slop*  of  terrain,  caliber  of  weapon,  sad  tha  mobility  mod*  cost,  among 
others.  By  regression  analysis,  soma  function  Fj  could  b*  determined 
which  should  have  a  shape  similar  to  Figure  1.5,  Th*  minimum  T  will 
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bow  dapand  on  tha  daiira’S'  c ah unity  ltvtl ;  th*  required  BbVt  1  i'ty* M4« 
which  w.t.  tla.  conitrclnifi,  •nVitonttot  paraMatan ,  tnd  oth*«;'" 
ond  will  ba  datarmlnadYtoalha  graph  by  picking  off  1  Y  for  «  gtv«n 

caaualty  laval  Kt.  t«J?'  *a»a  rnattictlott.  pattalning  to  tW  iia€  o^  ^ 
apply  to  tha  uaa  rfVj,  '  .  <«•:  .  .  i 


IV  THE  COST  MODEL 
4.1  DISCUSSION 

Costing  it  ths  other  elds  of  the  waapons-ayatem-evaluatlon  coin, 
affactivanaaa  being  discussed  previously.  A  myriad  of  rafersneas 
prucQt  ths  rationale,  logic  or  reasoning  behind  costing  and  the  various 
techniques  employed  in  costing  a  system.  [1,2,4,6,27]  Two  approaches 
may  be  taken  depending  on  whether  the  alternative  being  evaluated  Is 
a  prototype  weapon  which  has  bean  independently  developed  or  whether 
the  alternative  is  a  new  weapon  to  be  designed  and  developed.  Histori¬ 
cally,  artillery  weapons  have  usually  been  the  result  of  the  former 
process.  However,  for  costly  altkrnativa  systems  of  the  future  some 
derlvetion  of  cost  estimating  relationships  (CER's)  may  be  necessary, 
since  prototype  production  may  be  too  costly. 

Most  authorities  divide  the  weapon  system  cost  analysis  problem 
Into  three  parts)  research  and  development,  Initial  Investment,  and 
annual  operations  and  maintenance  costs.  The  cost  elements  might 
look  like  Table  4.1,  where  a  cost  element  Is  a  source  or  unit  of  the 
system  or  system  support  which  requires  dollars  for  purchase  or 
operation.. 

Some  typical  problems  in  evaluating  cost  elements  should  be 
mentioned.  Determining  system  requirements  from  testing  of  the  complete 
system.  Item  I.c  ih  Tsble  4,lj  is  oftr.n  done  by  deriving  expected 

values  from  war  game  simulations,  especially  for  ammunition  requirements. 
Weapon  and  shell  characteristics  are  programmed  into  the  computer,  an 
array  of  targets  is  advanced  against  the  gun  positions,  and  the  computer 
calculates  how  many  rounds  were  fired  to  achieve  a  certain  level  of 
casualties.  Since  it  is  impossible  to  place  an  entire  system  in  ths 
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I<  Raaaarch  and  Davalopnant 

a.  Prallnlnary  raaaarch  and  daalgn  atudlaa  ' 

b.  Daalgn  and  davalopnant  of  aubayatana 

c.  Taat  of  tha  ctpplata  lyatan 
Ila  Initial  Invaatmant 

a.  Prlma  minion  aqulpnant 

b.  Support  aqulpnknt 

c.  Initial  aparaa,  apara  parta  and  atocka,  amnunltlon 
d«  Initial  training 

a.  Initial  traval,  tranaportation  and  nlacallanaoua 
f.  Military  lnatallationa 
III.  Annual  Oparatlona 

a.  Pay  and  allovancaa 

b.  Equipnant  and  lnatallationa  raplacamanta 

c.  Equipnant  and  lnatallationa  malntananca 

d.  Raplacamant  training 

a.  Conaunablaa ,  POL,  training  amnunltlon 
f.  Racurrlng  traval,  tranaportation,  nlacallanaoua 
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field  and  •■ploy  ic  againat  an  actual  aua^r  to  tea*  it*  computer 
simulations  in  probably  tha  moat  feasible  and  Inapt  coatly  method 
of  tasting  a  system.  It  la  wall  to  kaap  In  mind  a  faw  limitations 
of  tha  conputar  analysis,  howavar. 

Tha  first  limitation  concarna  tha  expected  n unbar  of  rounds 
raqulrad  to  Inflict  tha  glvan  caaualty  laval  K^,  If  M  la  tha  numbar 
of  rounds  raqulrad  to  Inflict  tha  caaualtlaa,  M  has  soma  naan  m  and 
sons  variance  Ona  value  of  M  la  obaarvad  on  aach  computer  run, 

and  tha  total  sampla  of  M's  ovar  sons  nunbar  of  conputar  itaratlons  la 
usad  to  astlmata  m.  Howavar,  it  la  just  as  Important  to  know  something 
of  tha  range  of  values  M  takas  on  and  how  often  M  falls  within  that 
range.  Tha  variance  (J*2  gives  sons  Idas  of  that  range  of  values, 
and  was  usad  by  Chebyshav  to  show  that  tha  probability  that  M  will 
exceed  lta  naan  m  by  more  than  soma  multiple  of  tha  standard  deviation 
(Tl*  lass  than  tha  Inverse  square  of  the  multiplier  of  fl\  For  axanpla, 
P(|m  -  m|?h  <T>  *  1/h2  , 

or  tha  probability  that  tha  raqulrad  maber  of  rounds  to  neutralise  a 
target  axcaada  tha  mean  value  m  by  more  than  h  standard  davlatlons  la 
equal  or  last  than  1/h^,  If  h  la  two  and  the  standard  deviation  la  9, 
than  tha  probability  that  tha  nunbar  of  rounds  required  to  neutralise 
a  target  varies  iron  the  naan  by  mors  than  18  la  equal  or  last  than 
1/h2  or  on*~fourth. 

The  second  limitation  concerns  (lnulation  programming.  It  is 
difficult  to  simulate  topography,  target  detection  and  location  problems 
such  as  poor  visibility  and  Jungle  canopy,  and  maneuvering  forces. 

All  weapon  types  are  aasinwd  to  perform  equally  well  for  the  given 
coaq>uter  simulation,  when  such  is  not  the  case.  Host  scenario!  for 
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computer  aimulation.  art  pacific  loealaa,  gaognphical  location*, 
•nd  consider  Uttla  more  than  aignificont  barrier.  to  «>VaMi,t  and 
major  topological  faatutaa, 

Anothar  difficult  problem  that  may  arlaa  In  datarmlnlng  total 
•yatam  coat  la  tha  problem  of  joint  coating.  If  a  coating  unit  auch 
aa  a  helicopter  aquadron  1*  common  to  two  or  mora  other  syateme  auch 

“  *rtllUry  “d  lnfmtry.  1*  «ay  ba  a  difficult  chore  deciding  juat 
vhat  fraction  of  th.  h.licopt.r  affort  and  r.aultant  halicoptar 
aquadron  coat  ahould  b.  attribut.d  to  th.  artillary.  Th.  uaual  ml. 
1.  to  datarmina,  a.  n..rly  po.aibla,  th.  uauaga  by  tha  varlou. 
ayatama  of  tha  common  unit,  and  aa.ign  the  coat  of  th.  coam.cn  unit 
accordingly,  if  th.  helicopter  aquadron  mentioned  above  la  baaed 
aboard  an  LPH,  th.  problam  1.  extended  once  moral  what  portion  of 

the  total  LPH  coat  goaa  to  aupport  tha  helicopter  aquadron  which  1. 
aupportlng  tha  artillery? 

Soma  coat,  .hould  not  b.  con.id.r.d  in  comparing  altamativaa. 

If  cartaln  facllltla*  ,r.  alra.dy  av.llabla,  or  a  required  aub.y.t.m 
1.  common  to  .11  propo.ad  alt.rnatlv..,  than  tha..  naad  not  b.  con- 
aldarad  In  tha  co.t-aff.ctiv.n.aa  an.lyaia.  th.  firat  caa.  1.  «, 
•x«q.l.  of  w  coat.',  mon.y  which  ha.  b.an  irr.tri.v.bly  .p.„t 
on  a  aubay.tam  or  a  aupport  al.mant,  but  tha  aub.y.t.m  or  al.mant 
.till  ha.  aom.  v.lu.  ramainlng.  If  .oaahow  tha  old  facility  could  b. 
uaad  for  aom.  oth.r  purpoa.  b.alda.  aupportln,  artlll.ry,  th.n  th. 
v.lu*  to  tha  othar  purpoa.  b.ald.a  artlll.ry  would  hav.  to  b.  con- 
aldarad  a.  an  opportunity  coat  and  would  b.  Includ.d  in  th.  artlll.ry 
ayatom  coat.  Th.  «m«  coat,  and  th.  initial  inv.atm.nt  .cat.  of  th. 
currant  ay.t.m  ar.  axampl.,  of  .unk  coat.  and  will  ba  emitted  whan 
comparing  n.w  alt.rn.tiva.  to  th.  currant  ay.t.m.  Only  .ttrltlon  and 
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Annual  operation  and  aaintsnanca  eoata  naad  ha  considered  whan  comparing 
tha  praaant  system  against  soaa  alternative,  In  tha  second  instance 
above,  that  of  a  rag  aired  subsystem  being  ca— n  to  all  proposed 
alternatives,  only  the  planning  budget  Constraint  must  be  aat|  l«a, , 
the  cost  of  the  comon  subsystaa  +  the  cost  of  tlia  proposed  alternative 
oust  be  equal  to  or  lass  than  the  planned  budget.  Conaldaratlee  of 
the  costs  of  each  alternative  naad  aot  include  the  seat  of  the 
subsystem. 

4.2  THI  PROTOTYPE  MODEL 

Before  evaluating  a  newly  proposed  artillery  system  against  the 
currant  system,  It  Is  necessary  to  have  a  standardised  testing  procedure. 
If  there  Is  any  bias  io  a  costing  technique,  it  Is  hoped  all  alternatives 
will  become  equally  biased  by  using  the  same  procedure  fotall,  add 
that  tha  ordering  of  tha  alternatives  will  remain  the  same.  Tha  coat 
matrix  In  Figure  4,1  outlines  a  costing  procedure  for  tha  currant 
system  by  omitting  tha  XX  ltema.  Tha  system  coating  will  break  down 
into  fiva  broad  categories  of  costing  elements!  tha  baele  artillery 
unit,  usually  a  battery;  tha  targeting  and  fire  control  subsystem; 
facilities;  surface  ahip-to-ehore  transfer  craft;  and  vertical  assault/ 
support  squadrons.  For  aach  coating  elemant  tha  following  Items 
must  be  taken  Into  account!  RDT&E,  Investment  costs,  maintenance  end 
attrition,  personnel  of  the  unit,  support  personnel  who  are  attached 
i-o  tha  unit  or  support  tha  unit  from  soma  rear  echelon,  POL  and  other 
consumables,  and  shipping  requirements. 

Current  Svstssi.  For  the  currant  system  all  RDT&E  and  investment 
costs  are  sunk  costs  and  naad  not  be  considered.  Personnel,  maintenance 
and  attrition,  and  POL  and  other  ccmumables  costa  are  historically 
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Figur*  4,1  COST  MATRIX  FOR  AN  ALTERNATIVE  SYSTEM 
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documented  and  ara  readily  available.  Aa  previously  noted.  major 

■  i./'i 

problems  may  praaant  themselves  in  apportioning  tha  propac  fraction 
of  cotta  of  shipping,  support  equipment  and  personnel,  fadlltloa, 
and  aurfaca/vartlcal  aapault/tupport  to  tha  artillery  battery,  If  any 
of  that*  art  common  to  all  altarnatlves,  thty  may  bt  omit  tad  from  tha 
costing  tffort. 

Using  vactor  and  matrix  notation.  It  la  pr  iblt  to  aat  up  tha 
problam  of  detarmlnlng  total  battary  coats,  total>  *or  C0!BPuter 
computations.  Let  tha  numbers  from  Figure  4.1  bo  compiled  Into  tha 
battary  cost  matrix  whars  the  subscript  1  rafars  to  battary  typa 
for  n  types  of  batteries.  Define  a  vactor  B^  which  will  be  a  vactor 
of  coefficients  or  multipliers  corresponding  to  tha  costing  units 
listed  In  the  left  column  of  Figure  4.1  for  a  total  of  twelve  components 
in  tha  vector.  Then  define  B^*  as  a  vactor  of  costs,  each  cost 
component  of  the  vector  corresponding  to  a  column  of  tha  Figure  4.1, 
excluding  tha  first  or  left  hand  column.  In  notation, 

M*  '  "  Si  '  *1 

and  from  this  equation, 

B1  total  "  1'  Si* 

where  ,1  la  tha  sum  vector.  If  there  Is  a  discount  rats  r  being  applied, 
than 

B1  total  "  S'  Si* 

where  D'  la  a  vector  of  discount  factors  and  Bj  Is  now  >e  present  value 
of  the  discounted  battery  costs. 
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For  «  simplified  example  consider  the  following  hypothetical 
Typa  1  gun  battery, 


*1  ■  tha  coat  Matrix  •  lml Ur  to  Figure  4,1 


Each  column  of  Ai  corresponds  to  ona  of  tha  columns  of  Figure  4,1, 
Each  alamant  of  aach  column  rapraaanta  an  avaraga  marginal  coat  par 
unit  of  tha  coat  unlta  in  tha  laft  hand  column.  In  thla  hypothatlcal 
axampla,  tha  RDT&E  and  Invaatmant  coata  ara  aunk  and  tha  alamanta  of 

A1  corraapondlng  to  thaaa  ara  all  aaroaa.  Tha  annual  coat  of  malnta- 

t  ■■ 

nanca  and  parta  par  artUlary  placa  la  100,  coat  of  ahlpplng  par 

i  ‘‘J 

artillary  placa  la  100,000,  ate.  Bj*  la  tha  vactor  of  coarflclanta  of 
tha  number  of  unlta  to  ba  coatad,  and  In  thla  hypothatlcal  example  la 
(  6,  6,  10,  200,  0,1,  0,3,,,,,,,,,)  where  tha  fractlona  rapraaant  that 
portion  of  the  aupport  aubayatan  utlllaad  by  battery  typa  Bj,  In  thla 


Instance  0.1  of  tha  target  dataotlon  aubayutam  affort  la  utlllaad  by 
battary  typa  1.  Tha  vactor  of  coata  attributable  to  RDT&B,  Invaatmant, 
Maintenance  and  Parts,  etc,,  la 

Hi*  -  Bj’  Ax 


and  tha  total  coat  of  battary  typa  1  la 


B1  tota|\"  A'  Hi*  I?  the  discount  rata  la  0  X  and 

■  £'  Si*  whara  £*  la  a  vactor  of  discount  factors 
If  r  la  tha  discount  rate. 
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If  there  ara  n  typaa  of  battarlea  and  ^  of  each  battery  type,  than 
tha  total  llfatiM  operating  coat  for  tha  artillary  jyataai  bains  , 
coni i dared  la 


Y  "  ^“i  Et  total 

Tha  tine  phaaing  of  coat*  and  tha  diicounting  procaduraa  which  My 
ba  employed  arc  dlicunad  in  aection  4.5, 

The  rigoroua  and  arduoua  taak  of  determining  metrical  At  for  all 
typaa  of  artillery  battarlea  may  aeam  overly  burdenaoma  at  firat. 
lowevar,  tha  taak  la  required  in  ordar  to  accurately  determine  total 
lifetime  operating  ayacemi  coat,  time  phaaing  of  coeta,  coat  of  adding 
one  additional  battary  of  type  i,  and  for  developing  reliable  Coat 
Eatlmatlng  Ralatlonahlpa  (CER'a)  for  propoaad  future  altarnativaa. 

The  CER’a  will  be  predlctora  which  will  hopefully  accurately  relate 
auch  ltema  aa  maintenance  and  operating  coata  and  attrition  coata  in 
a  particular  acenarlo  to  tha  lnvaatMnt  coata  and  tha  characterlatica 
of  tha  alternative.  Another  ui-.ful  CER  will  be  one  re  let  1m  the  weight 
and  volume  of  an  alternative  to  ita  ahlpplng  or  halilift  coata. 

Other  raaulta  of  tha  rigoroua  development  of  tha  coat  metrical 
will  ba  a  determination  of  thoae  coat  ltema  which  are  relatively  inaanal- 
tive  aa  to  battary  type  and  thoae  ltema  which  may  be  counon  within  or 
between  battary  typaa.  For  example,  the  coata  of  tha  targeting  and 
fire  control  artayatem  are  probably  relatively  conetent  from  battery 
type  to  type.  Within  all  battarlea  of  a  particular  type,  it  would  not 
be  unraaaonabla  to  expect  all  peraonnel  rsquircmenti  to  be  tha  lama. 
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p*rh«p«  the  maker*  of  required  support  personnel  u  well.  Aasiyslng 
the  eutput  of  the  costing  matrices  of  two  or  eore  alternatives  will  he 
discussed  in  Chapter  V, 

The  Prototype  Alternative.  The  basic  cost  matrix  In  Figure  4.1 
applies  with  the  columns  for  RDT&E  and  Investment  Included  where 
applicable.  Again,  RDT&E  and  Investment  costs  of  components  of  the 
current  system  are  sunk  costs  and  are  omitted  from  the  costing  of  any 
alternative  which  Incorporates  those  components.  The  seme  computer 
programs  used  to  evaluate  the  current  system  will  be  used  for  the 
alternative.  The  CER's  developed  from  data  on  current  syatems  will  be 
used  to  estimate  such  Items  as  propossd  alternative  operations  and 
maintenance  costs,  personnel  costs,  ste.,  provided  the  characteristics 
of  the  propoaad  alternative!  ere  comparable  to  thoee  of  the  ayetem  on 
which  the  CER'e^war#  based.  The  validity  of  the  CER's  cannot  ba 
asained  for  all  poaalble  alternatives, 

Tha  costs  for  RDT&E  in  developing  the  prototype  era  historical 
and  will  prove  useful  In  predicting  Initial  Investment  costa  for  the 
alternative,  l.e,, 

Initial  Investment  cost  -  f  (  RDT&E,  weapon  characteristics  ) 
where  the  RDT&E  cost*  may  reflect  the  degree  of  technological  sophisti¬ 
cation  of  tha  alternative.  If  tha  RDT&E  coats  are  eonsidarad  sunk 
costs  for  ths  company  developing  tha  prototype,  they  will  be  recovered 
by  an  lncraastd  Investment  cost.  If  RDT&E  is  on-going,  tho  costs  will 
be  tlma  phased  over  corns  expected  period  of  development  end  will  be 
discounted  at  an  accepted  discount  rats. 
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Initial  procurator.  tdU  likely  ba  tlna  phased  rather  than  a  lump 
turn  purchaaa ,  If  for  no  other  reason  then  that  tba  nan  of  net wring  rata 
haa  a«w  Halt.  Iha  training  of  paranasal  to  eparato  the  now  equipment 
will  ba  phaaad  ovar  tana  tlna,  at  wedl*  and  It  would  ba  unacononlcal 
to  hawa  larga  Invent or la.  of  tba  bjv  vaapon.  co  hand  for  any  grant 
langth  of  tlna  prior  to  tha  conplatlon  of  training  of  tha  paraooMl 
to  oparata  than, 

4,3  NEW  DESIGN  COST  MODEL 

Tha  naw  datlgn  will  ba  llaltad  by  technology  and  tha  state-of-the- 
art  of  artillery  .y.toma.  Relating  the*.  da.lg.ad  weapon  chwncterlstlc. 
will  ba  the  job  of  CER  function,  .uch  a.  thosa  dl.cuaaad  In  aaetloo  3.3. 
For  axanpla.  tha  variable  coat  par  casualty,  C,  and  tha  non-.ngag.mant 
lyittn  coat,  Y,  con  b«  •atimated  from  their  piranattnt 

C  -  Fx  (weight  of  tha  weapon,  weight  of  tha  projectile,  length 
of  tha  tuba,  nutnle  velocity,  rata  of  flr«,  tango  te  the 
target,  nuober  of  eneny  target*,  n unbar  of  novlng  part, 
per  weapon,  temperature,  husldlty,  height  of  burat, 
anjln  of  fall,  ate.) 

Y  -  F2  (ituab.r  of  target.,  nobility  nod*  co.t,  callb.r  of  weapon, 
projectile  weight,  temperature  and  hunldlty,  ate.) 

After  the  eharacterlatic.  have  been  .elected,  the  CER' a  will  be  u«ed 
to  e.tlnata  all  the  Itan.  of  the  coat  matrix  in  Figure  4.1  that  apply 
to  th*  propo.ad  alternatiwa.  E.tlnata  *  nuit  alao  ba  mad.  of  the  Horn 
phaalng  of  RDTM  and  production  .chsduUs  for  th#  Initial  tnve.tn.nt 
•o  that  appropriate  dl. count  factor,  nay  be  applied  to  the  co.t  l tee.. 


39 


Past  history  has  shown  the  feasibility  of  the  prototype  method 
of  developing  a  proposed  alternative ,  although  to  determine  If  It  la 
the  optimum  method  would  require  further  research.  It  la  likely  that 
pure  cost  estimating  will  be  less  costly  than  the  prototype  approach 
for  weapons  requiring  large  outlays  for  RDT&E  and  Initial  Investment 
or  for  testing  and  evaluation.  Just  how  large  1*  'large'  would  be 
one  result  of  the  proposed  paper. 

4 . 4  MARGINAL  COSTS 

The  requirement  exists  for  knwlng  tha  marginal  cost  with  respect 
to  the  current  base  system  of  one  more  battery  of  each  particular  type. 
When  considering  proposed  alternatives.  Increasing  the  present  system 
by  1,2,.,,,  batteries  should  be  one  of  the  proposals  evaluated.  The 
average  marginal  cost  will  vary  with  the  number  of  additional  batteries 
proposed,  but  should  be  considered  in  the  light  of  potential  future 
growth  tendencies  of  force  units  requiring  artillery  support,  Also, 
the  average  marginal  costs  of  additional  batteries  will  reflect  the 
costs  that  might  be  incurred  In  the  event  that  a  conflict  results  In 
ballooning  of  forces.  Two  cases  will  be  discussed,  when  excess  capacity 
exists  capable  of  manning  and  supporting  an  additional  battery,  and  when 
only  partial  or  no  excess  capacity  exists. 

If  excess  personnel,  facilities,  and  other  support  are  available 
to  handle  th»  additional  Increment  of  artillery  being  considered,  then 
only  the  Initial  Investment  costs  of  the  weapons  and  attendant  special 
support  equipment  plus  the  operating  and  maintenance  costs  need  be 
considered  In  the  marginal  cost  of  the  battery.  However,  the  excess 
capacity  Implies  Inefficient  use  of  some  of  the  affected  resources, 
and  that  the  actual  operating  and  maintenance  costs  of  the  additional 
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battery  will  be  leas  than  tha  average  of  the  other  batteries  of  the 
same  type.  In  fact,  in  this  instance  the  additional  operating  and 
maintenance  costs  will  consist  only  of  the  attrition  costs  and  tha 
consumables  costs.  Historically,  this  case  seldom  if  ever  exists. 
Manpower  is  always  a  problem,  and  excess  facilities  occur  only  during 
the  logical  planning  for  future  expansion,  and  are  not  really  'excess' 
at  all. 

Partial  or  no  excess  capacity  is  tha  more  usual  case  whan  con¬ 
sidering  the  marginal  costs  of  one  more  battery.  The  same  base  is 
usually  capable  of  handling  one  more  unit  at  the  expanse  of  a  few 
more  buildings  and  a  faw  additional  support  personnel.  The  costs 
of  the  new  buildings  and  tha  few  extra  support  personnel  would  be 
directly  attributable  to  the  added  artillery  battalion,  but  the  cost 
of  tha  land  on  which  tha  buildings  were  erected  would  not  as  long 
as  they  were  erected  on  ths  base  property.  If  two,  three  or  mors 
additional  batteries  were  to  be  considered  as  sn  alternative,  then 
their  average  marginal  costs  might  well  Involve  the  full  cost  matrix 
of  Figure  4,1  less  the  RDT&E  costs. 

4.5  TIME  PHASING  OF  COSTS,  COSTING  SCHEMES  AND  DISCOUNTING 

A  typical  system  that  is  built  and  Implemented  from  scratch  might 
have  an  expenditure  sequence  chat  looks  like  Figure  4.2,  For  systems 
as  stable  and  long-lived  as  artillery,  as  contrasted  with  short-lived 
computer  systems  for  example,  the  careful  phasing  and  programming  of 
the  future  costs  are  necessary  to  determine  the  true  alternstlve  costs 
when  any  discount  rate  greater-then -0 ~|--ie  considered,  [2]  Just  what 
that  discount  rate  r  should  be  is  the  subject  of  considerable  debate 
and  is  another  research  topic.  [25] 
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Figure  4.2  HYPOTHETICAL  EXPENDITURE  PATTERN 


System  Coyt.  The  main  advantage  of  the  simplicity  of 
thii  method  is  over-shadowed  by  the  dengere  of  omitting  seemingly  minor 
costs  such  as  bulld-up  costs,  and  the  omission  of  time  value  and  unequal 
lifetime  considerations.  [2]  RDT&E  costs  are  added  to  initial  invest¬ 
ment  costs  and  the  estimated  costs  of  operations  for  five  years.  It  le 
usually  assumed  that  operating  costs  do  not  vary  over  the  five  years. 

The  hope  Is  that  the  relative  coats  of  the  alternativea  are  not  unduly 
Influenced  by  the  choice  of  the  five  year  base  and  the  lack  of  careful 
time  phasing  of  costs.  This  method  esauroes  no  time  value  of  money, 

Cg*!*  Using  the  present  cost  scheme,  cost  streams  are 
discounted  to  their  equivalent  present  values,  and  the  time  horizon 
is  chosen  as  the  least  common  multiple  of  the  estimated  life  times 
of  the  alternativea,  Aa  mentioned  previously,  the  concepts  of  dis¬ 
counting  and  the  selection  of  e  proper  discount  rate  are  discussed  In 
many  sources.  [2,  25,  27]  A  primary  requirement  for  the  use  of  the 
present  cost  technique  1$  the  careful  preparation  or  estimation  of  the 
yearly  incidence  of  the  costs  related  to  the  alternative.  Several  dis¬ 
count  rates  may  be  stated  and  their  results  compared. 

Aflnua!  C0f t.  Costing  by  this  technique  is  similar  to  the  present 
cost  method  discussed  above,  except  that  total  system  costs  are  trans¬ 
formed  to  an  equivalent  uniform  annual  amount  by  dividing  the  total 
cost  by  the  number  of  operating  years.  Least  common  multiple  lifetimes 
are  used,  and  if  the  discount  rate  is  taken  to  be  zero  percent  for  a 
system  whose  life  is  five  years,  annual  cost  would  be  very  similar 
to  the  five  year  cost  simply  divided  by  five. 
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The  following'  hypothetical  example  compares  alternative  coet 
streams  for  two  fictional  alternative  defense  a>  ;ems,  and  is  taken 
from  Appendix  B  of  [2],  Buildup  coats  are  omlttsd  for  slnpllclty  of 
presentation,  and  would  normally  be  shown  In  the  present  coat  and 
annual  cost  techniques.  Alternative  A  is  represented  by  a  cost  pattern 
requiring  an  initial  investment  now  of  $1000  end  recurring  annual  costs 
of  $100.  The  lifetime  of  A  is  ten  years.  Alternative  B  Is  an  existing 
system  whose  annual  operating  costs  are  expected  to  Increase  by  a  uni¬ 
form  amount  to  extend  its  operational  life.  In  this  comparison, 
alternative  B  la  favored  by  all  techniques  except  for  present  cost 
estimated  at  five  percent  over  twenty  years  and  annual  cost  at  five 
percent  for  twenty  years, 
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Alternative 

Non-Recurring  (N) /Recurring  (R) 
End-of  Year 
0 
1 
2 

3 

4 


E  stimatei,'  Operational  Life,  year* 
Total  System  Coat,  Dollars 

1.  Five  Year  System  Coat 

2.  Present  Cost  5Z,  10  years 

5Z,  20  yssrs 
10Z,  10  years 
10Z,  20  years 

3.  Annual  Cost  5Z,  10  years 

5Z,  20  years 
10Z,  10  years 
10Z,  20  years 


A 

N  |  R 

B 

N  |  R 

1000 

0 

100 

120 

100 

140 

100 

160 

100 

180 

(Etc  thru'  year  10)  (Increasing 

by  $20  per 

year) 

10 

Indefinite 

1500 

800 

1772 

1560 

2861 

3646 

1614 

1196 

2236 

2130 

230 

202 

230 

278 

263 

195 

263 

250 

Figure  4.3  ALTERNATIVE  COST  STREAMS  SUMMARIZED 
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V  COST-EFFECTIVENESS  AND  DECISION  CRITERIA 

5.1  DISCUSSION 

In  the  problem  ti  developed  by  thle  peper,  effectiveness  1*  held 
constant  for  all  cosseting  eltemativee  end  the  coete  very  according 
to  designs  srd  weapon  characteristics.  An  engagement  has  been  defined 
by  numbers  and  types  of  targets  and  the  level  of  casualties  has  been 
fixed  p«r  > ngagement.  Through  computer  simulations  or  through  straight 
calculations  of  projectile  affects,  CEP  effects  and  scenario  effects, 
expected  numbers  of  rounds  per  engagement  plus  attrition  costa  will 
transform  Into  expected  cost  per  casualty  per  engagement.  The  next 
question  1st  How  does  one  take  the  estimated  non-engagement  system 
cost  and  the  expected  cost  per  casualty  values  for  each  system  alter¬ 
native  and  make  a  selection  of  a  system  to  be  used? 

5.2  THE  CRITERIA 

From  the  chapter  on  effectiveness,  consider  a  plot  of  the  coordinates 
of  the  objective  function!  Minimise  (  £,  X  )j  ov,r  th*  alternatives 
j  -  1,2, ... ,n.  Such  «  i  tot  of  7  alternatives  might  resemble  Figure  5.1. 
One  plot  will  be  prepared  for  each  scenario  (1  ■  1,2, 3, 4)  for  a  total 
of  four  plots.  The  1  rxls  corresponds  to  the  non-engagement  system 
cost,  aud  the  C  axis  represents  the  variable  cost/casualty/engagemsnt 
In  scenario  1.  The  sfflclency  frontier  curve,  C^,  Is  as  defined  In 
Chapter  I. 

Simply  stated,  the  decision  rule  inferred  by  the  criteria  above 
Is i  Select  that  niter;  .tlve  J*  which  Is  feasible  end  which  dominates 
ell  other  alternatives  j.  In  this  particular  scsnsrlo  system  D  claarly 
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dominates  *11  other  «r* to®*.  Dominance  1*  defined  here  In  the  standard 
manners 

if  *Di^  wh*r<  J*  “  D  and  for  all  J  +  D 

and  If  CDi  ^  Cji 

then  syetem  J*  ■  D  domina<:ea  all  other  systems  J  i  D  In  scenario  1. 
further,  If  system  j*  ■  C  dominates  all  systems  J  +  D  over  all 
scenarios  1  -  1,2, 3,4  than  system  D  la  absolutely  dominant  over  the 
alternatives  considered. 


COST/CASUALTY  vs  NON-ENGAGEMENT  SYSTEM  COST,  SCENARIO  1 
Figure  5.1 

Nov  consider  the  cast  where  D  has  not  hean  determined  for  one  reason  or 
another.  For  altametlva.  1,  5  and  6  the  following  conditions  hold! 
Tll*  T5l*  Y6l  ^y21»  *31*  *41  *»d 

Cli*  ^l*  C61  <c21*  c3i*  c4i 
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«o  Chat  alternative*  1,  5,  and  6  dominate  alternative*  2,  3,  and  A 
in  scenario  1.  However,  the  relation*  between  alternative*  1,  5,  and 
6  are  a*  follows) 

Yli<£Y6i-<C  y51 

C11  >c6i  ^>C5i 

and  there  is  no  dominance  between  these  alternative*.  If  condition* 
were  *uch  chat  a  new  alternative,  (15),  could  be  generated  by  taking 
a  linear  combination  of  alternative*  1  and  5,  i.e.,  a  new  mix  could  be 
generated  consisting  of 

*  (Alternative  1)  +  (1-*)  (Alternative  5)  where  0^a<l 

then  alternative  6  would  be  dominated  by  (15)  since 

*  Yli  +  (!“«)  Y5i^Y6i  and 
a  Cu  +  (1  -  a)  C51^C61  or 

Y(15)i<Y6i  and 

c(15)i<c6i 

If  this  new  linear  combination  of  alternatives  1  and  5  dominated  alter¬ 
native  6  for  all  scenarios  i,  then  alternative  (15)  would  be  absolutely 
doniment  and  would  be  selected  as  the  optimum  alternative. 

Consider  the  case  where  linear  corebinitions  ere  infeasible  due 
to  large  research  and  development  outlays  or  other  coating  consideration* 
which  must  be  made  for  each  alternative  and  which  would  result  in  some 
Y(15)i>  y61  £or  or  all  i.  Re-plot  Figure  5.1  for  all  scenarios 

and  determine  the  set  of  alternatives  for  each  scenario  which  dominate 
all  other  alternatives  in  that  acenario,  but  which  do  not  dominate  on* 
another,  aimilar  to  alternative*  1,  5,  and  6  in  the  above  plot. 
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Suppose  the  results  ware  the  fcli.uingj 

Sfie.ftairA°  Qanl.ait lug  .Altsmativea 

2  1,  5,  and  0 

2  1  and  5 

2  5  and  6 

«  6 

Their  plots  might  resemble  the  following  Figure  5.2. 


Figure  5,2  PLOT  OF  THREE  DOMINATING  ALTERNATIVES 


From  the  Office  of  the  Secretary  of  Defense  or  other  sources  the  likeli¬ 
hood  of  conflict  in  the  various  areas  of  the  world  would  be  obtained  if 
possible  ao  that  a  probability  distribution  for  conflict  in  scenario  i 
may  be  derived.  Then 

pt  »  probability  of  conflict  in  scenario  i 
^^p  i  “  1,  and  define 

£!  “  (Pi*P2»P3*Pi!()  and 

— J  “  <£'  (  1  )j  where  (  J).  is  a  four  by  two  matrix 

consisting  of  the  two  column  vectors  C  and  V 
corresponding  to  alternative  J 
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Vj  -  tha  weighted  average  cost/caeualty /engagement  and  tha 
weighted  avaraga  non-angagaraant  system  coat  for 
altamativa  J,  In  thia  lnataaca  J  -  1,  5,  and  6 
-  (  C\  Y*)^  ~ 

Plot  chasa  values  of  (C*,  Y*)j  and  tha  raaulta  may  look  Ilka  tha 
following  Figure  5,3, 


CASE  A  CASE  B 


Figure  5.3  ALTERNATIVES  IN  WEIGHTED  SCENARIOS 

If  case  B  occurs,  than  tha  scenario-weighted  values  of  alternative  5 
will  cause  that  system  to  dominate  1  and  0.  However,  If  Case  A 
occurs,  resort  may  be  made  to  other  decision  considerations  such  as 
tha  effectiveness  criteria  for  mobility,  The  Defense  Department 
estimate  of  tha  expected  numbers  of  engagements  par  year  may  be  combined 
with  the  cost  per  casualty  per  engagement  criteria  as  another  basis 
for  alternative  selection. 
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5.3  SECONDARY  DECISION  CRITERIA 


Em>«cf  d  Humber  o<  flaaittl  "*r  v‘ar  la  the  event  Chat  no 
alternative  la  dominant  ea  defined  In  section  5.2,  the  expected  numbers 
of  engagement*  par  year  nay  he  utilised  to  aelect  an  optimum  alter¬ 
native.  From  section  5.2,  pt  la  the  probability  of  conflict  In 
scenario  1,  given  that  an  engagement  or  conflict  occure.  If  it  1* 
Indicated  that  E  le  the  expected  total  number  of  angagementa  per  year, 
and  that  this  expectation  should  hold  for  the  next  k  years,  k  -  1,2,.,., 
then 


E1  “  PtE  ■  expected  number  of  engagements  per  year  in  acsnarlo  1 

Ei  CJ1  Ki  “  exP»cted  total  variable  coot  per  year  In  scenario  1 

for  alternative  J,  in  this  example  J  -  1  and  5 

iL.  Ki  CJ1  Ei  "  total  variable  cost  per  year  for  alternative  J  «  1 
1-1 

and  5 
-  TVCj 

Depending  on  how  far  into  the  future  the  current  expectation  E  may 
be  projected,  k  -  1,2,..,,,.,  and  let 
TVCj  -  k  TVCj  and  define 

Yjk  "  Y*j  +  TVCj'1  -  weighted  total  expected  system  cost  for 
k  years  as  differentiated  from  tha  non¬ 
engagement  system  cost  Y 


If  it  happens  that  for  soma  J  -  j*  that 

Yj*^  Yjk  for  all  J  i  J*  and  all  k 
then  system  J*  is  optimum  by  this  method. 
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Mobility.  In  the  event  that  »il  Tjk  in  reasonably  el  ess  In  value, 

mobility  may  be  used  aa  tha.  diactielnetla*fecter  In  aaUttlBg  the 

optimal  system  J*.  Since  the  alternatives  being  considered  are  feasible, 

they  have  met  the  mobility  conatrainta  given  In  the  effectiveness 

chapter.  Now  conalder  the  following) 

fj  m£  Jj  “  weighted  average  mobility  time,  where  P’  is  aa 

defined  In  section  5.2  and  T,  la  aa  defined  in 

-0 

Chapter  III 

The  decision  criteria  becomes)  select  system  J*  such  that 

tJ*<‘j  ^r  all  j  f*  J*,  J  -  1  and  5  In  this  example. 


VI  SUMMARY  AMU  CONCLUSIONS 


6.1  SUMMARY 

The  artillery  eyatam  la  built  around  a  nix  of  varying  type*  and 
caliber*  of  artillery  weapon  batterlea.  The  nix  la  choaen  ao  that 
adequate  and  contlnuoua  flrapower  can  be  brought  to  bear  on  all  targeta 
occurring  within  and  from  the  FEBA  forward  to  aoma  apeclfled  minimum- 
acceptable  maxlm’jjc’  range.  Supporting  the  artillery  batterlea ,  and 
logically  Included  In  the  artillery  system  for  coating,  are  auch  Items 
aa  shipping,  support  equipment  and  vehicles,  and  aupport  personnel, 

For  example,  ablp-to-ahove  transfer  vahiclea  and  helicopter  unit*  make 
up  some  portion  of  the  artillery  system.  However,  only  that  portion 
of  the  support  effort  spent  on  artillery  la  attributable  for  coating 
purposes,  and  la  part  of  the  joint  coat  problem  saaoclated  with  moat 
ay stems. 

A  method  for  evaluating  and  comparing  alternatives  is 
MINIMIZE i  System  Coat 

Subject  to!  Constant  sf fsctlveness  -  fixed  number  of 

casualties  per 
engagement 

Technological  constraints 
Budget  conatralnta 

where  the  coat  of  the  alternative  la  here  defined  aa  a  vector  of  two 
components  C  and  X  which  represent  the  variable  cost  per  engagement  and 
the  non-engagement  system  cost,  (  £»  i  )•  Effectiveness  constraints 
are  defined  aa  the  firepower  required  to  achieve  the  apeclfled  nvaaber 
of  casualties  In  each  scenario.  Achieving  the  required  nusfcer  of 
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casualties  In  a  scenario  results  In  cosfcat  attrition  on  the  system  and 
a  number  of  expected  expended  rounds  from  which  a  variable  coat  per 
engagement  Is  derived. 

The  decision  criteria  are  based  on  a  study  of  the  plot  Of  variable 
cost  per  engagement  versus  the  non-engagement  system  cost  for  each 
scenario.  Specifically,  the  decision  Critetla  1st 

—  Select  that  alternative  J*  such  that  (  C,  {  (  C»  Y  )j 
for  all  J  +  J*,  that  Is,  select  J*  such  that  Its  cost  vector 
absolutely  dominates  the  cost  vector  of  all  feasible  alternatives. 

—  If  no  one  alternative  dominates,  then  Implement  secondary  decision 
criteria  based  on 

-  probabilities  of  conflict  In  each  scenario 

-  probabilities  of  numbers  of  engagements  per  year. 

-  evaluation  of  mobility  vectors 
6.2  CONCLUSIONS 

The  evolving  complex  artillery  system  of;  the  future  requires  a 
complete  cost/effectiveness  model  for  evaluating  the  entire  artillery 
system  under  the  operating  environmental  conditions  It  will  likely 
operate  In.  The  method  of  minimising  expected  variable  cost  per 
casualty  and  non-engagement  system  cost,  while  meeting  minimum  mobility 
and  casualty  criteria  and  staying  within  budget  limits,  will  select 
an  optimum  alternative  artillery  system.  Defining  the  scenarios  In 
terms  of  average  rainfall,  temperature,  and  terrain  slope  provides 
standard  environments  for  comparing  alternatives. 

Determining  detailed  costing  matrlees  for  the  current  artillery 
batteries  and  support  agencies  Is  necessary  for  several  reasons.  The 
matrices  will  reveal  Items  cov^n  to  ail  artillery  systems  and  which 
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•ra  not  required  for  coopering  altarnatlva  costa .  Coating  matrices 
will  ba  usaful  in  de  vs  loping  marginal  costa  for  additional  artillery 
units  of  the  praaant  types.  Finally,  tha  aatrlcaa  will  have  utility 
in  preparing  accurate,  nailable  oost  estimating  relatlonahlpa  between 
r,***rch  ®d  development  coats,  Investment  costa,  and  weapon  character¬ 
istics.  These  relationships  will  be  necessary  for  developing  future 
alternative  systems. 

Should  no  alternative  prove  absolutely  dominant  in  variable  coat 
per  casualty  and  neu-angagaasnt  system  cost,  the  secondary  decision 
criteria  presented  which  are  based  on  mobility  and/or  future  expected 
numbers  of  engagements  will  select  an  optimum  system. 
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VII  AREAS  OF  CONSIDERATION  FOR  FURTHER  RESEARCH 


In  the  process  of  developing  thl*  paper,  several  subjects  have 
preeented  themselves  for  further  cone 1 deration,  the  flrat  being  the 
Interaction  of  the  artillery  system  with  the  naval  gunfire  eupport 
system  end  the  cloee  air  aupport  ay at am.  What  should  the  future 
artillery  aystem  look  like  In  light  of  tactical  air  which  Includes 
armed  helicopters  and  the  new  OV-IO,  intermediate  domain  weapons 
such  as  the  proposed  LFSW/LANCE  weapons,  LAW  and  MaW?  Included  '  s 

should  be  a  sensitivity  analysis  on  tha  total  weighted  variable  coet 
and  average  mobility  times  T  by  varying  tha  numbers  of  engagements 
per  year  and  varying  tha  probabilities  of  thd  scenarios. 

Detailed  costing  matrices  and  the  CER's  discussed  In  Chapter  IV 
require  development  In  conjunction  vltTT'tfee  evaluation  of  current 
experimental  artillery  prototypes.  A  ccst-effectivanes»atu4y  of 
prototypes  versus  estimated  charsctsrlstlcs  and  costs  should  be  ~ 

developed.  Does  It  always  pay  to  build  a  prototype  model? 

Flaslly,  the  effects  of  the  fire  control  system  to  Include  the 
detection,  location,  and  Identification  of  targets  should  be  studied 
In  relation  to  the  artillery  system.  How  accurate  Is  target  detection 
and  location?  How  much  does  target  location  error  vary  and  how  dose 
It  vary  as  a  function  of  range  from  the  observer  and  range  from  the 
gun  position?  How  does  It  vary  from  scenario  to  scenario?  To  what 
range  are  targets  profitably  detected,  i.e.J  at  what  range  does  the 
artillery  system  become  saturated  with  targets?  What  effects  do  the 
bullt-ln  time  (•'lays  of  the  fire  control  system  have  on  the  expected 
number  or  rounds  required  to  Inflict  the  required  numbers  of  casualties 
per  engagement? 
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APPENDIX  I 


EXPECTED  ROUND  REQUIREMENTS 

This  formulation  la  a  standard  derivation  and  la  taken  from 
source  documents,  [16,  18]  The  assumptions  are  aa  follows: 

1.  "ai*ets  are  circles  with  aim  points  at  the  center, 

2.  The  error  In  locating  the  center  of  the  target  will  be 
distributed  normally  about  the  true  center  of  the  target 
with  standard  deviation  G*L  ■  target  location  error, 

3.  The  round  Impact  pointa  are  also  distributed  normally  about 
the  aim  point  with  a  standard  deviation  6~D  Independent 

of  location  error, 

4.  The  probability  that  a  given  round  lmpacta  within  a  given 
small  region  of  the  target  Is  small, 

5.  Personnel  comprising  the  target  are  randomly  distributed 
throughout  the  target  area  A(  and  the  individual  round  mean 
area  of  effectiveness  MAE  Is  small  compared  to  At. 

Utilizing  these  assumptions,  the  actual  Impact  points  are  distributed 
normally  about  the  target  center  with  the  standard  deviation  of  each  round 

(7T  \/  '  -  0.85  CEP 

The  rounda  are  considered  nearly  Independent  and  the  coverage  Is  nearly 
uniform.  From  this  the  expected  fraction  of  casualties  Is 
f  »  1  -  exp(  -  n  MAE/At) 

n  -  number  of  rounds  expected  to  fall  In  the  target  area 
n  ■  N  Pr  where 
N  ■  total  number  of  rounds  fired 
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Pr  »  the  probability  that  any  round  fired  fall*  Into  the 
target  area  and  la  a  function  of  the  target  radlua  Rt 
and  C*" 

-  J  -  exp(  -  1/2  (  (T/\)2  ) 

Substitute  Pr  and  n  Into  f,  take  the  natural  logarithm  and 
N  ■  -  At  In  (1  -  fj)  where 

Pr  MAE 

fd  ■  fraction  of  caaualtiea  dealred 
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